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ABSTRACT
Ryan, John David. M.S. Department of Chemistry, Wright State University, 2018.
Chemical Applications of Transition Metal Nanomaterials: Nanoscale Toughening
Mechanism of Molybdenum Disulfide-Epoxy Nanocomposites and Mammalian Toxicity
of Silver Nanoparticles
The emerging world of nanotechnology has been of great interest within the last
few decades. In this regard, nanomaterials have since been implemented in a number of
commercial applications including: aerospace technology, coatings, sensors, and
biomedical technology. This work aimed to elucidate upon the applications of transition
metal nanomaterials in two separate experimental studies.
The first of these studies involved the investigation of two-dimensional
molybdenum disulfide (MoS2) nanoparticles, and their role in the toughening mechanism
of epoxy composites. Two separate exfoliation techniques were implanted to target the
influence surface chemistry of the nanomaterial and solvent quality had on the bulk
thermal, mechanical and chemical properties of the nanocomposite system. A suite of
characterization tools including UV-Vis spectrophotometry, differential scanning
calorimetry, thermal gravimetric analysis, dynamic mechanical analysis, FT-IR
spectroscopy, transmission electron microscopy (TEM), scanning electron microscopy
(SEM) and atomic force microscopy (AFM) were executed to provide detailed information
regarding property changes. In addition, a method was developed to monitor the nanoscale
fracture mechanics of MoS2-epoxy nanocomposites using micro-tensile testing and SEM
upon altered films. Results concluded that surface functionality of MoS2 within the studied
i

models played a significant role in the toughening mechanism of epoxy composites. In
addition, it was found that solvent quality greatly contributes to the curing behavior, as
well as the chemical network formation of the material system.
The second study involved a systematic investigation of the toxicity mechanism
behind positively charged cetyltrimethyl ammonium bromide (CTAB)-capped silver
nanoparticles (AgNPs) in Sprague-Dawley rats. To fully assess the toxic effects within the
studied specimens, CTAB-capped AgNPs, as well as Ag+ and CTAB solutions were orally
administered to experimental and control groups, respectively for an 18-day period. At the
termination of the exposure, rats were sacrificed and tissues of interest were harvested
including: the digestive gland (jejunum), liver, spleen, brain and bone (tibia). These tissues
were then subjected to a panel of pathological analyses including: hematology, histology,
quantification of Ag using graphite furnace atomic absorption spectroscopy (GFAAS), and
bone analysis using Raman spectroscopy. Findings suggested that each chemical
component of CTAB-capped AgNPs possessed a unique role in the overall toxicity, with
all species causing significant alterations in the blood, tissue and bone makeup of the rat
specimens.
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1.1 ABSTRACT
Mechanics at the nanoscale is radically different from mechanics at the macroscale.
Atomistic simulations have revealed this important fact, and experiments are being
performed to support it. Specifically, in-situ testing is being performed by researchers using
different approaches with different material systems to interrogate the material at the
nanoscale and prove or disprove many of the proposed models. This paper attempts to
provide a fairly comprehensive review of the in-situ testing that is being performed at the
nanoscale, together with a brief description of the models that in situ testing are being used
to verify. This review paper intends to primarily provide a broad snapshot of in situ testing
of different nanocarbon-based polymeric nanocomposite materials.
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1.2 OVERVIEW
Recent breakthrough studies based on atomistic simulations have shown clear
indication that the mechanics at the nanoscale is distinct from the mechanics at the
macroscale. Experiments are being performed to bring clear insight to the proposed
mechanism. Specifically, in situ mechanical testing at smaller length scale is being
performed with diverse material systems to interrogate the material at the nanoscale and
provide guidance and/or validation of many of the proposed models. This is especially
important for an emerging class of structural materials based on polymer nano-composite.
This paper attempts to provide a fairly comprehensive review of the in-situ testing that is
being performed at the nano-scale, together with a brief description of the models that in
situ testing are being used to verify. However, in the interest of completeness, relevant
traditional testing approaches are first dis-cussed to shed light on failure initiation and
progression in nano-composites. This includes bulk tensile, bending as well as fracture
experiments. Due to the fact that fracture experiments, in situ or not, often use linear elastic
fracture mechanics (LEFM) as a basis to compute material properties such as fracture
toughness and critical energy release rate, a discussion of basic concepts of LEFM is
included in this article while highlighting examples of deviations from LEFM at the
nanoscale.
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1.3 INTRODUCTION
Nanostructured materials are those materials that present at least one dimension in the
nanometer range, such as thickness, thereby endowing them with unique properties. The
primary attribute of these materials is that their surface-area to volume ratio is very high
which leads to the presence of more energetic surface atoms resulting in thermal,
mechanical, or electronic properties that are very different from the bulk material.[1-4]
These attributes combined with extreme versatility have generated much interest within the
scientific community as multifunctional materials (both structural and functional
properties) for a variety of commercial applications. As a new generation of nanostructured
material systems (one-dimensional (1D) nanowires, two-dimensional (2D) sheets,
heterostructures) are being developed at an exponential rate, there is a heightened need to
understand their behavior under applied stress at the nanoscale. Specifically, the shape,
size, distribution, and chemical functionalities of these particles that dictate local properties
and that could lead to initiation and the evolution of damage need to be investigated.[5]
1.3.1 Theoretical Background: Lessons from Nature
Nature has provided a wide array of hierarchical structures with an unusual
combination of properties (e.g., strength and toughness), understanding the mechanism and
mimicking the structures is one of the key scientific challenges recently.[6-10] As a result,
nanomaterials have been studied for decades in regard to their stiffening and strengthening
contribution to various material composites. While most materials containing organic
polymers such as thermosets are relatively weak, where inducing a relatively small stress
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could result in brittle failure, composites containing fillers are typically able to withstand
higher stress levels before failure is reached, displaying elastic and plastic deformation
before a ductile failure occurs.[11-13] Figure 1.1(a) shows a schematic of the mechanics
of brittle failure of polymers such as epoxy and improvement of toughening through
enhanced ductility due to the addition of nanofillers in polymer nanocomposite. This
comparison displays the key mechanical functionality fillers bring to a composite material.
Though the improvement in reinforcement effect of nanofillers at the macroscale is now
well established, there is still significant disparity in the strength and toughness values
reported. That raises serious questions from a design perspective: what are the ideal
geometry, morphology, and configuration of the composite system to achieve the targeted
property? These questions can only be resolved by digging deeper into the fundamental
physics, such as, how each of the components (hierarchical structure at different length
scale) and their interfaces influence to the local property (nanoscale). For example, how
these nanoparticles provide strength and ability to sustain loads locally, and how the
organic adhesives (matrix) enable dissipating energy under mechanical deformation
(viscoelasticity, sliding of chain, interlocking) and provide the load transfer, allowing for
ductility and toughness. To understand these specific details and any synergistic
interactions thereof, we need (a) an appropriate theoretical model to capture the physics
and chemistry, (b) a multiscale model to guide the effort, and (c) targeted experiments at
the nanoscale which can provide both local properties under both static and dynamic
condition. The description on each of these subsets needs elaborated discussion. In this
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paper, we high-light current advancement, challenges, and future prospect in each of these
subsets. The theoretical basis for quantitative calculation of fracture toughness in a
composite system is still predominantly handled through linear elastic fracture mechanics.
However, LEFM ignores local nonlinearity (e.g., assumption of small scale yielding at the
crack tip). Nanocomposite system consists of inter-phase, interface as well as variation of
a local morphology of the matrix system, which can have a tremendous influence of
intrinsic toughening that includes plasticity, viscoelasticity, the role of interphase,
molecular interlocking, and chain sliding. Comprehensive understanding of those
mechanisms needed development of appropriate numerical models and implementation of
those models into the simulation.[14-16] Density functional theory and atomistic
simulation-based studies are essential stepping stones for achieving the goals. As interest
continues to grow within the scientific community regarding nanoscale fracture mechanics
and developing new theoretical models, parallel efforts are going to gain additional
knowledge regarding the extent to which LEFM to be applied to nanoscale phenomena
through the use of novel in situ testing. A recent review by Wegst et al. emphasized the
importance of inspiration from nature for structural materials and highlighted the design
motifs and discussed the challenges associated with the design and fabrication of
biomimetic structures which can replicate certain structural and mechanical characteristics
of biological materials and structures.[17] The toughening mechanism behind naturally
occurring biological materials are discussed regarding the competing forces that influence
damage evolution within these materials.[17] Both the intrinsic and extrinsic toughening
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mechanisms are to be considered in the over-all mechanism. Figure 1.1(b) shows intrinsic
toughening due to localized damage (e.g., large scale yielding) ahead of the crack tip within
a composite and extrinsic toughening due to fiber bridging behind the crack tip which
effectively shields the crack tip from local stresses.[17] While it may be argued that Figure
1.1(b) depicts the near-tip intrinsic and extrinsic toughening mechanisms in a polymer
composite, which are micron scale phenomena rather than nanoscale, it is intended to
depict how nanoscale reinforcements could provide intrinsic toughness enhancement in a
polymer composite by increasing plastic zone size, or extrinsic toughness enhancement
through crack bridging and/or particle pull-out. Clearly, these types of nonlinear failure
mechanisms can-not be captured by LEFM because of its basic assumption of small-scale
yielding and traction-free crack surface. A case study to delineate the brittle-ductile
transition in fracture of nanocomposites is presented in section 1.8. Both extrinsic and
intrinsic mechanisms have been reported in other works in an effort to emphasize their
contribution to the overall toughening of a material. A review by Withers discusses the
importance of these secondary toughening schemes and correlates their applications to
quantify crack tip driving forces through techniques such as X-ray micros-copy.[18] The
collective work within this review summarizes the importance of nanoscale analysis of
failures, as traditional testing methods are no longer sufficient for a complete understanding
of these failures and that each process within a composite near the crack tip affects the
driving force required to further propagate an induced crack. Figure 1.1(c) illustrates
localized stresses that occur within a composite that could be revealed using techniques
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such as X-ray diffraction (XRD), taking into consideration the extrinsic and intrinsic forces
during crack propagation.[19]

Figure 1.1 (a) Representative stress–strain curve showing a brittle failure (e.g., epoxy) and
a ductile failure (e.g., nanocomposite). (b) Schematic showing intrinsic and extrinsic
toughening mechanisms. The intrinsic mechanism promotes plasticity ahead of the crack
tip and typically acts at the micron scale, whereas the latter shields the crack tip from local
stresses, acting at larger length scales along the crack-face created behind the crack tip.
(Reproduced with per-mission from Wegst et al.[17] Copyright 2015 by Nature.) (c)
Schematic illustrating a variety of fracture mechanics information, both qualitative and
quantitative, that can be obtained by XRD. (Reproduced with permission from
Withers.[19] Copyright 2015 by The Royal Society.)
1.3.2 Applicability of Griffith Criterion at the Nanoscale
Damage evolution frequently occurs in nanostructured materials under mechanical
load, resulting in a loss of load bearing capacity as well as compromising its functional
properties.[20] Continuum theories have widely been used for describing larger scale
damage phenomena at the micrometer scale; however, they lack the ability to capture
detailed features at the nanoscale.[21, 22] Consequently, atomistic simulations (e.g.,
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molecular dynamics (MD)) can provide mechanistic insights into the atomic-scale
mechanical behavior of the nanostructured material, and hence provide a path-way for
nanoscale insight.[23] Despite some limitations of MD (high strain rate, approximate
nature of interatomic potential, system size, and idealized structure), recent developments
have provided more detailed insights on the atomistic mechanism.[24-26] For example,
recent breakthrough studies at atomistic scale revealed that the failure mechanics at the
nanoscale is radically different from the macroscale.[18, 23, 27-29] A recent study based
on MD simulation showed toughening mechanisms in nanocomposites is a function of
structural arrangement of reinforcements.[30] Proper validation and guidance of these
simulations need a systematic design of experiments at the nanometer scale.
Using computer simulations, Gao et al.[31] observed that the theoretical fracture
strength of a nanoscale mineral platelet is not heavily influenced by flaws, unlike a
macroscopic platelet where stress concentrations develop at the flaw tip. The Griffith
criterion (Eq. (1)) defines the fracture strength of a cracked plate, and it was used in Gao’s
study to obtain a critical length h* (Eq. (2)) for the plate thickness where a depends on the
crack geometry ( 𝜋 in this case), g is the surface energy, h is the thickness of the mineral
crystal, and h* is its critical value. Using a nonlocal virtual internal bond model, Gao et
al.[31] observed that the stress field becomes uniform across the nanoplatelet containing a
flaw, and it approaches the theoretical strength of a defect-free crystal once the platelet
thickness is at or below the critical length, as shown in Figure 1.2(a). It should be noted
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that standard “local” finite element modeling of a crack in a platelet would not be able to
capture this significant length scale effect.
f
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This observation supports the idea that nanoplatelets can increase the fracture
toughness of a composite due to their insensitivity to flaws. Furthermore, Shimada et
al.[27] investigated the reasons why continuum fracture mechanics does not apply at the
nanoscale. This is an important topic to consider because experimental results can be used
to verify or support theoretical models and calculations. Since mechanical testing and
fracture mechanisms are being investigated at the nanoscale, linear elastic fracture
mechanics may not be applicable to the samples being tested. Here, Shimada et al. proposed
discrete fracture mechanics as a solution, where the potential energy of the simulated
nanoscale specimen with a finite change of the crack cross section DA is used to define
crack propagation (Eq. (3)) rather than the released mechanical (strain) energy with
infinitesimal change of crack cross section A (Eq. (4)).
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In-silico, single-edge notch bend tests (rectangular sample with edge crack a) and
tensile tests (rectangular sample with thumbnail crack, 2a) were conducted with both
methods, as plotted in Figure 1.2(b). It can be seen that discrete fracture mechanics governs
fracture if the specimen width (W) is below 60 nm, and it is also able to describe fracture
behavior in both macroscale and nano-scale specimens.[32] Additional discussion
regarding the applicability of LEFM at the nanoscale is presented in sections 1.8 and 1.9.

Figure 1.2. (a) Stress concentration in plate of decreasing thickness, where the plate on the
far right is of critical length h*. Stress is normalized to the theoretical strength sth and the
thickness of the plate is normalized to h*. (Reproduced with permission from Gao et
11

al..[31] Copyright 2003 by Proceedings of the National Academy of Sciences.) At large
thicknesses (h/, h*=20, 200), the fracture strength sf is significantly reduced from the
theoretical strength, sth, of the material by the stress concentration at the crack tip. As the
plate thickness approaches the critical thickness h*(h/h*=1), the strength approaches the
theoretical strength and the stress concentration vanishes due to a nanoscale phenomenon.
(b) Critical energy release rate in a nanoscale specimen of width, W, calculated with
continuum mechanics (left graph). It shows that conventional fracture mechanics breaks
down below a critical singular field size. Discrete fracture mechanics (right graph) was
developed by taking account of the discrete nature of interatomic bonds, and it can handle
fracture even below the critical size by predicting a constant value of critical energy release
rate as a function of specimen width. (Reproduced with permission from Shimada et al.[27]
and Tang et al.[33] Copyright 2015 by PubMed Central and 2013 by Elsevier.)
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1.4 STATE OF THE ART AND RECENT CHARACTERIZATION TECHNIQUES
1.4.1 Nanomaterials Characterization
Nanomaterials Characterization. Carbon-based nano-particles (CNPs) (e.g., carbon
nanotubes, nanographene, carbon black, fullerenes, carbon nanofibers, carbon nanocones
and nanohorns, as well as their functionalized variations) have fascinated the scientific
community for the past several decades.[34] In recent years, a large number of CNPs[35]
have been investigated as additives in polymeric materials. The characteristic structures of
CNPs allow them to interact with organic molecules via either covalent interactions or
noncovalent forces, such as nonbonded interactions.[29, 36, 37] These energetically
favorable interactions and their high surface-area-to-volume ratio make CNPs good
candidates for use as additives or reinforcements.[38, 39]
Considering the aforementioned properties, CNP have found a wide range of
applications in different aerospace related technologies. For example, there is a lot of
interest in understanding the mechanical response and failure behavior of graphene
reinforced polymer.[3, 40-42] Several studies have been conducted by various groups in
regard to the bulk toughening mechanism of graphene on a material system. Reported
values of critical properties such as mode I fracture toughness (KIC) remain somewhat
inconsistent and seemingly dependent on experimental procedures for various
nanoparticles, as summarized in Figure 1.3(a). However, as can be observed in Figure
1.3(a), nanographene displays the most effective toughness enhancement among all
nanofillers considered. This is likely due to the flat plate-like geometry of the graphene
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platelet which is more effective in deflecting/arresting a crack, as opposed to the rod-like
geometry of a CNT which is more effective in crack bridging. Studies have shown that
elasticity, plasticity, and ductility in graphene depend on applied load, defects, and specific
surface functional groups.[5, 43] The question is open regarding how these individualized
or few-layered sheets behave when it is in the proximity of a polymer or near another sheet.
Additional discussion on the platelet size and geometry effects of nanographene is
presented in section 1.8. Within the inset of Figure 1.3(b) is a compilation of various
experimental results, all of which were directed toward studying the toughening abilities
of graphene nanofillers.[12, 13, 33, 44-47] Upon examination of each set of experimental
data, it is apparent that individually material system reaches its maximum toughness at an
optimum weight percent of graphene, followed by a reduction in the value of KIC of the
system with further addition of graphene. The existence of this optimum loading value is
usually attributed to nanofiller agglomeration. While none of the experiments depicted in
Figure 1.3(b) are in situ fracture experiments, they do reveal important trends regarding the
effect of nanoparticle dispersion and geometry on toughness enhancement that needs to be
investigated using in situ fracture testing at the nanoscale, as discussed in detail in section
1.5.
Besides nanocarbon, a variety of other types of nanofillers has also displayed
similar trends in their effectiveness in correlation to increasing weight percentages. Trends
from previous experimentation utilizing epoxy polymer matrices and reinforcing agents
such as nanosilica and nanoclay have displayed a similar effect that has been observed in
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CNP. In a recent review by Domun et al., the contributing forces that could cause failures
in epoxy systems upon being strengthened by various nanomaterials are outlined.[48]
Collectively, it was emphasized that both dispersion and interfacial adhesion between the
nanoparticle and epoxy matrix had one of the larger impacts on key mechanical parameters
such as stiffness, tensile strength, and fracture toughness. These data are summarized in
Figure 1.3(a), which displays a cluster diagram of various experimentally measured
normalized fracture toughness (GIC) values for nanocarbon, nanosilica, and nanoclay
reinforced polymer, which provides a visual representation of how nanofiller
agglomeration impedes composite reinforcement irrespective of particle type, thus
corroborating the idea that dispersion and interfacial adhesion are critical in the processing
steps.[48]
Failure mechanisms on the macroscale have been extensively investigated by
evaluating post failure fracture surfaces. Numerous macroscale mechanical studies have
been conducted on graphene nanocomposites in order to understand the failure of the
material system and develop potential mechanisms as to how the failure is propagated at
smaller length scales. Advancements in microscopy technology now allow for the
investigation of microscale failures at high resolutions (HRs) within a material system,
utilizing instrumentation such as scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Various mechanisms of nanoscale failure have already been
developed through observation of fracture surfaces. Figure 1.3(b) shows several SEM
images which analyze the fracture surface of graphene nanoplatelets (GNP)-reinforced
15

epoxy.[12, 13, 33, 44-46] Each of the images, although containing the same polymer matrix
and nanofiller, dis-play different crack propagation mechanisms that were affected by the
presence of graphene nanoparticles.
The key question that still remains unanswered at this point is that “why is it that
adding small amounts of nanoparticles to polymers results in large changes in physical
properties, such as, elastic moduli and fracture toughness?” Such significant increases in
mechanical properties cannot be explained by standard continuum principles, such as, the
rule-of-mixtures. Because the assumptions inherent in the rule-of-mixtures approach
preclude the existence of an interface/interphase, it is, therefore, likely that the anomalous
nanoscale results are attributable to interactions at the polymer-nanoparticle interface. This
issue will be revisited in section 1.8.

Figure 1.3. (a) A comprehensive map of the dependence of fracture toughness of different
types of nanoparticles/epoxy nanocomposites on particle loading. (Reproduced with
permission from Domun et al..[48] Copyright 2015 by Royal Society of Chemistry.) (b) A
plot showing a compilation of results for KIC from various research groups for varying
weight percentages of graphene. (Reproduced with permission from Jia et al.[12], Rafiee
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et al.[13], Tang et al.[33], and Bortz et al.[44], Chandrasekaran[45], and Kumar et al..[46]
Copyright 2014 by American Chemical Society, 2009 by American Chemical Society,
2013 by Elsevier, 2012 by American Chemical Society, 2014 by Elsevier, 2015 by
Elsevier.) The inset figures show different failure mechanism observed on SEM images of
the fracture surfaces. Left top: evidence of crack pinning in GNP sheets. (Reproduced with
permission from Bortz et al..[44] Copyright 2012 by American Chemical Society.) Left
middle: examples of crack pinning failure, dotted line indicates crack propagation
direction. (Reproduced with permission from Chandrasekaran et al..[45] Copyright 2014
by Elsevier.) Left bottom: graphene platelet pull-out seen in 0.1 wt % GNP fracture surface.
(Reproduced with permission from Kumar et al..[46] Copyright 2015 by Elsevier.) Right
bottom: circle showing GNP sheet in TEM, and pink square showing SEM of a 5.0 wt %
GNP graphene/epoxy composite indicating epoxy-coated GNP protruding out of the
fracture surface. Inset shows the wavy edge structure of the GNP. (Reproduced with
permission from Rafiee et al..[13] Copyright 2009 by American Chemical Society.) Right
top: circle: SEM image of graphene form (GF), and square: GF/epoxy composites with 0.1
wt % GF. White arrow indicates crack propagation direction. (Reproduced with permission
from Jia et al..[12] Copyright 2014 by American Chemical Society.) Right middle: 0.2 wt
% highly dispersed GNP/epoxy showing the crack growth direction. (Reproduced with
permission from Tang et al..[33] Copyright 2013 by Elsevier.)
1.4.2 Postfailure Analysis of Fracture Surface
Chandrasekaran et al. developed a theoretical mechanism regarding how graphene
nanoplatelets inhibit the propagation of cracks within the polymer matrix based on the
postfailure analysis of the fracture surfaces of the respective nanocomposites.[45] The first
mechanism developed by this group involved the crack impinging on the GNP and thereby
resulting in a bifurcation of the crack path, causing the crack to continue around the GNP
in a process also known as “crack pinning and bifurcation.” The deflection of multiple
cracks within the matrix induces differential heights in cracks that propagate along the
polymer matrix, eventually coalescing, forming a larger crack. As crack propagation
continues, the individual layers of GNP begin to separate from one another, resulting in
shearing of the GNPs. As GNP layers separate, and crack propagation ensues, deflection
17

from platelet surfaces are also likely to produce a “dimple type” fracture surface, appearing
as a void in the matrix. An illustrative compilation of the different steps of this mechanism
are collectively depicted in Figure 1.4(a).
Corroboration of this mechanistic scheme can be found in other experimental
observations. Kumar et al. conducted fracture studies of GNP-reinforced epoxy
nanocomposites and analyzed the fracture surface of each sample after the completion of
bulk fracture studies.[46] SEM images of the fracture surface (Figure 1.4(b)) are indicative
of rougher surfaces as the weight percentage of GNPs increase within the nanocomposite.
The cause of this increased roughness is believed to be due to the crack deflection within
the matrix, as the GNPs deflect the initial mode I crack. The deflected microcracks
subsequently form multiple mixed mode cracks,[46] closely following the projected
mechanism discussed by Chandrasekaran et al.
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Figure 1.4. (a) Schematic showing different crack mechanism on GNP composite proposed
by Chandrasekaran et al. (Reproduced with permission from Chandrasekaran et al..[45]
Copyright 2014 by Elsevier.) (a) The crack either deflects or bifurcates and goes around
the graphene particle when the crack front meets the surface of the graphene sheets. (b)
Height difference created between crack planes as the crack continues to propagate in
between intercalated graphene sheets where shearing between the graphene layers is
expected to occur. (d) A crack penetration between GNP layers creating a “dimple-type”
fracture surface. (b) Experimental results (SEM) of fractured surfaces showing increased
roughness with the addition of GNP, (a) baseline, (b) 0.1 wt %, and (c) 0.5 wt % GNP (b)
Series of 10 lm SEM images displaying fracture surfaces of (a) epoxy, (b) 0.1 wt % GNP,
and (c) 0.5% GNP. (Reproduced with permission from Kumar et al..[46] Copyright 2015
by Elsevier.) (c) Three-dimensional (3D) schematic of shear failure in matrix due to a
difference in height of fracture planes.
Further evidence of this crack pinning mechanism has been observed by other
groups with slightly different sets of material. Park et al.[49] used pristine GNP, graphene
oxide (GO), and GO modified with amine-terminated poly(butadiene-acrylonitrile) at very
low loading to study differences in toughening mechanisms in an epoxy matrix based on
the type of functionalization. SEM fractography was used to investigate the fracture
mechanisms, not in situ, but postfailure. As one might expect, the neat (baseline) epoxy
displayed a very smooth “low toughness” fracture surface. After incorporation of pristine
(nonfunctionalized) GNP, some tail-like geometric markings were visible on the fracture
surface indicating that the markings were likely generated by crack pinning. However, in
addition to evidence of crack pinning, microcracks were also observed around the
nanoparticles under high-resolution SEM, indicating debonding between the graphene and
the epoxy matrix. Further, the amount of crack pinning and microcracking was observed
to increase with higher GNP loading, and the authors contend that microcracking near
GNP/epoxy inter-face was the primary toughening mechanism at low GNP loading. At a
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GNP loading greater than 0.16 wt %, these microcracks become pinned again before they
coalesced into a primary crack, hence creating a very rough fracture surface morphology.
Evidence of crack pinning and deflection are clearly visible in micro-graphs from various
sources displayed in Figure 1.5 in the form of “tail-like” surface morphologies.

Figure 1.5. A series of SEM images displaying various failure mechanisms: crack pinning
failure observed within an epoxy/ GNP nanocomposite (left) by Chandrasekaran
(Reproduced with permission from Chandrasekaran et al..[45] Copyright 2014 by
Elsevier.), by Park (Reproduced with permission from Park et al..[49] Copyright 2015 by
Wiley.) for fracture in graphene nanosheets/epoxy (center), and by Bortz (Reproduced with
permission from Bortz et al..[44] Copyright 2012 by American Chemical Society.) for
fracture in graphene oxide/epoxy (right).
Based on these observations, Park et al. concluded that micro-cracking near the
GNP is the primary toughening mechanism for low GNP loading, whereas crack pinning
and crack deflection become the dominant mechanisms at higher GNP loading. Further,
amine-terminated poly(butadiene-acrylonitrile) functionalization of GNP enables the
grafted rubber chains to store more elastic energy, thereby increasing energy dissipation
due to covalent bond breakage and hence leading to higher toughness. In this context,
Raifee et al.[13] suggested that crack deflection, which includes crack tilting as well as
twisting, was the main mechanism for enhanced mode I fracture toughness (KIC) at small
GNP loadings, and the subsequent decrease of KIC at higher loading was attributed to the
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agglomeration of GNP. However, as reported in Ref.[49], more crack deflections were
observed in the nanocomposite with higher graphene loadings, and significant
agglomeration of GNP was not observed in the nanocomposite with a higher loading,
leading Park et al.[49] to propose that the observed toughening at low graphene loadings
is primarily due to micro-crack formation. The reduction in toughness at higher loading is
likely due to the coalescing of these microcracks within close proximity that facilitates the
formation and propagation of the primary crack. The conflicting issues raised by the
research of Park and Raifee could be resolved using in situ fracture experiments coupled
with microscopic observation, which is the subject of discussion in section 1.5.
For applications where the high electrical and thermal conductivity of nanocarbons are
undesirable in a polymer matrix, molybdenum disulfide (MoS2) and tungsten disulfide
(WS2) have been used by researchers.[50, 51] Added benefits of these materials are
catalytic properties, optical properties, thermal transport as well as potential for band gap
engineering by modulating the layer thickness[52], in addition to potentially improving
certain mechanical properties. By performing macroscale compact tension experiments,
Eksik et al.[50] observed that the addition of few layered thick MoS2 sheets ranging
between 400 and 500 nm in lateral dimensions into the epoxy matrix results in an increase
in the nanocomposite KIC value to ~1.6 MPa m1/2 at ~0.2% weight fraction, which amounts
to a 60% increase in fracture toughness over baseline value. As loading fraction was
increased to 1 wt %, agglomeration of MoS2 particles resulted in a significant reduction of
KIC. To quantify the dispersion of the MoS2 in the epoxy matrix, they used a confocal
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Raman imaging technique.[50] The combination of measured Raman response of MoS2
with confocal Raman imaging technique produced phase images that clearly depict
dispersion maps for MoS2 in an epoxy matrix. While highlighting the toughness
enhancements produced at low weight percent (0.2 wt %) addition of MoS2 particles in an
epoxy matrix, this work further underscores the challenge of physically dispersing 2D
nanosheets at higher weight percent (1 wt %) in a polymer matrix, which can perhaps be
mitigated only through chemical functionalization.

22

1.5 IN-SITU TESTING OF NANOMATERIALS
As alluded to in section 1.4, the majority of nanocomposite characterization has
consisted of bulk mechanical testing at the macro-scale and microscopic observation of
post-fracture surfaces. While this approach provides a quantifiable metric regarding the
enhancement in bulk properties due to the addition of nanostructured materials in the
composite, it fails to provide insight into the local mechanisms at the nanoscale responsible
for the increase in properties. In order to fill this gap, in situ nanomechanical testing has
been proposed by researchers to gain better insight into the deformation and fracture
behavior of nanocomposites.
Current demand for understanding nanoscale mechanics has resulted in significant
progress in in situ nanomechanical testing[53-67], where micrographs of the failure process
are acquired concurrently with the mechanical loading of the test specimen. With rapid
advancement of microscopic tools, the studies have been coupled with multiple techniques
including atomic force microscope (AFM)[68-71], scanning electron microscope[55, 63,
72, 73], transmission electron microscope[55, 59, 67, 74-79], Raman[80], neutron, and Xray diffractions.[80-82] This section provides an overview of previous work that has been
done in regard to in-situ nanoscale testing of various material systems while delineating
the benefits and limitations of each method.
1.5.1 Transmission Electron Microscopy
Among all the microscopy techniques, TEM provides the best and most detailed
information about internal microstructure and defects at atomic resolution. With high23

energy electrons (up to 300 KeV), TEM offers multiple avenues for characterization with
transmitted and diffracted beams. It enables electron energy loss spectroscopy for surface
functionality and compositional analysis using advanced analytical techniques, such as,
energy loss or energy filtering. Compared with X-ray diffraction techniques, the
wavelength of an electron accelerated in a TEM is much smaller; TEM enables
crystallography diffraction experiment to visualize two-dimensional distribution of
reciprocal lattice points. Combining the capability of atomistic visualization with in situ
mechanical testing, TEM opens up opportunity to visualize dynamic deformation
mechanisms at the atomic scale. A recent review highlights TEM-based in situ
nanomechanical testing on metals.[83] Sumigawa et al. reported in-situ TEM of brittle
silicon to illustrate quantitative nanoscale cracking behavior. The experimental results
were coupled with modeling (combining density functional theory and finite element
method) and demonstrated that despite employing a continuum based concept, nanoscale
cracking could be described by classical Griffith and fracture mechanics theories.[84] Han
et al. has reviewed in situ mechanical microscopy illustrating the mechanisms of plastic
deformation in nanoscale single crystals and mapping grain rotation in polycrystalline
metals.[65] With technical advancement, in situ nanomechanical study was successfully
carried out at elevated temperature[67], as well as a successful study of high cycle fatigue
of metals in TEM. In the fatigue study[85], the tension-tension fatigue behavior of
nanocrystalline Cu was monitored by quantitative cyclic mechanical loading performed in
situ in a TEM. Drawbacks to the use of this technique include the restriction on specimen
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thickness and complexity of sample preparation through microtoming. The remarkable
potential of TEM was displayed in a recent experiment by Mayer et al.[86] as in situ shear
testing was conducted on Al-SiC nanolaminate composites. Findings from this study
concluded that different mechanisms are involved in regard to varying thicknesses of AlSiC nanolaminates. This conclusion was reached through the observation of the varying
fracture paths through the composite.
Despite significant progress, almost all in situ studies using TEM have focused on
understanding phase transformation, grain growth, and dislocation dynamics during
deformation of metals or ceramic materials.[65, 87, 88] This is because TEM of soft
materials, such as polymer composites, is always a challenge due to the low contrast as
well as the vulnerability of soft materials to electron induced damage. Recent advances in
electron microscopy with the advent of improved optics and image processing has provided a new impetus to the characterization of these materials.[63, 89, 90] Clearly, more
work is needed in the visualization of the failure process in soft-materials at the atomic
resolution as it will be exceptionally helpful for understanding the initiation of a crack and
its propagation, as well as changes in fracture modes during the process.
In this context, TEM-based in-situ nano-indentation techniques have been used on
different materials systems.[55, 58] Zhou et al. conducted in situ nano-indentation
experiments[58] to study the viscoelastic-plastic deformation and crack growth upon ultrahigh-molecular-weight-polyethylene specimens. This was observed through nanoindentation using a diamond tip that was cycled by a piezo-electric actuator housed within
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a TEM as schematically depicted in Figure 1.6(a). Both qualitative and quantitative
observations were obtained from the experimental measurements in regard to the evolution
of damage within the material. Qualitative imaging of in situ nano-indentation (Figure
1.6(b)) yielded an increase in contrast as the indentation cycle progressed, which was
attributed to the gradual localized strain the material was exposed to from the diamond tip.
The authors stated that the differential contrast from the microscopic images was
attributable to the differences in density when the material is under compression, thus
generating more scattering of the electron beam and thereby providing a qualitative map
of the strain field as the specimen is being indented.[58]
Quantitative experimental results (Figure 1.6(c)) focused on two physical values of
displacement (both polymer and tip) and deformation zone size to evaluate the evolution
of damage. The findings of this testing describe the separation of the polymer surface from
the diamond tip upon unloading, followed by the time-dependent rise of the polymer
surface, displaying characteristic behavior of viscoelastic recovery. Analysis of this data
also confirmed viscoelastic effects to be a determinant of the onset of dam-age, as the
deformation zone size increased at a relatively slow rate, up to the point of 50 nm, likely
due to viscoelastic time lag. This approach of in-situ nano-indentation provides ample
evidence that mechanical properties, such as viscoelastic relaxation, should be taken into
consideration for the in-situ prediction of damage evolution in soft materials.
Unlike metals, characterization of polymer systems by high-resolution electron
microscopies such as HR-TEM and HR-SEM has been a challenge due to sample damage
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and contamination induced by high-energy electron beam.[91] It is especially more
challenging in TEM and scanning transmission electron micros-copy (STEM) where high
electron volts (200 KeV) is needed compared with that of SEM (5-20 KeV). Radiation
damage results in mechanical distortion of the sample, and consequently, the image
resolution from the electron-diffraction pattern will be substantially worse.[92]
Nevertheless, the application of heavy metal staining, such as ruthenium tetroxide, and
uranyl acetate, are known to improve image contrast in a polymer system.[93-95] For
example, RuO4 is known to stain-selected polymers (functionality containing alcohol
groups, aromatic group) and does not stain some polymers (saturated functional groups or
polymers with halogen or ester groups).[93] This preferential staining is very beneficial to
enhance the image contrast in TEM/ STEM as well as to identify polymers in a complex
composite system. Despite those attributes, staining is not always feasible as it induces
nonreversible chemical reaction with the organic material, which entirely changes the local
chemical properties and could influence the mechanical property. On a positive note,
electron microscopy experts are striving to overcome these problems by developing
advanced low-voltage TEM and STEM.[92, 96]
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Figure 1.6. In-situ nano-indentation of a polymer in TEM. (a) Schematic of the testing
device (left), SEM of sample fabricated with a focused ion beam (right). (b) Characteristic
TEM images show the development of a deformation zone at different time. (c) A plot
showing results of the polymer surface displacement (nm), indenter displacement and the
deformation zone size as a function of time. (Reproduced with permission from Zhou et
al..[58] Copyright 2006 by American Institute of Physics.)
1.5.2 Scanning Electron Microscope
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Scanning electron microscopy allows for the visualization of samples in a larger field
of view. As a result, observation of surface deformation mechanism as well as crack
location and its propagation, and shear band formation, can be visualized. However, unlike
TEM, SEM often lacks the detail of onset of crack at the atomic resolution. Charging due
to poor conductivity is another issue during in situ SEM testing. Typically, to eliminate
charging 2-3 nm conducting material (typically, carbon or gold) film is deposited on the
specimen.
Gianola et al.[61] described a testing platform for in-situ nano-mechanical characterization
during uniaxial tension and compression, nano-indentation, and bending loading
conditions. A unique aspect of their design was the use of a parallel-plate capacitor system for both displacement actuation and sensing, as well as multiple independently
controlled nanopositioning stages. In order to overcome limitations of white light optical
microscopy associated with small length scales, Gianola et al.’s[61] design used a focused
ion beam imaging system. In-situ mechanical testing was successfully performed using this
platform on metal nanowires (75 nm diameter) and nanoporous gold pillars. Perhaps, the
most interesting aspect of their work is that they were able to demonstrate that when the
dimensions of test specimens are decreased to the nanoscale, different measurement
techniques are needed in order to facilitate accurate and readily interpretable data
acquisition; for example, white light optical microscopy is no longer sufficient as the
imaging platform at the nanoscale and therefore needs to be replaced by electron beam
imaging in conjunction with digital image correlation (DIC). However, the application of
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the dual beam in-situ technique to a polymer nanocomposite is likely to result in damage
to the polymer and is currently an open debate to the nanoscale in-situ testing community.
To our knowledge, Gianola et al.[61] were among the first to calculate the local strain in a
test specimen by employing DIC of SEM images captured during in-situ deformation
experiments. This is because the inherent compliance of sensors used in micro and
nanomechanical testing makes specimen strain calculations from cross-head displacement
measurement and measurement of the specimen gauge length rather inaccurate. Thus, the
DIC technique has now been modified to accommodate micro and nano-scale testing by
replacing conventional imaging techniques such as optical microscopy with SEM[97-102],
focused ion beam[102], and AFM[103-106], and hence is no longer limited to purely
macroscale testing.[107-110]
To our knowledge, Zhang et al.[42] reported the first quantitative in-situ
nanomechanical testing of the fracture toughness of graphene films. Chemical vapor
deposition technique was used to synthesize freestanding graphene sheets for testing. Using
focused ion beam cutting, they introduced a central precrack in the graphene sheet (see
Figure 1.7(a)). They then performed quantitative in situ tensile testing employing a
platform that integrated a micro-mechanical device and a nano-indenter using an ingenious
combination of inclined beams as shown in Figure 1.7(b-a). The graphene film with a
central precrack length of 10% of sample width was mechanically loaded and in-situ SEM
was used to closely monitor specimen deformation during tensile testing. As the applied
load was increased to the critical value, precrack initiation occurred and resulted in brittle
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fracture of the graphene sheet, creating two fractured pieces with flat edges (Figures 1.7(bb) and 1.7(b-c)). The resulting stress-strain data was plotted for selected specimens as
shown in Figure 1.7(b-d). The critical far-field tensile stress of fracture (sc) was measured
for different initial precrack lengths (a0). These data enabled them to verify the
applicability of the classic Griffith theory (aka, LEFM) to the brittle fracture of graphene
by showing that the quantity 𝜎> 𝑎A remained constant for all crack lengths investigated.
After verifying the applicability of LEFM for crack initiation, they determined the fracture
toughness of graphene by measuring the critical stress intensity factor (KC), and the critical
strain energy release rate (GC). Further, they used MD simulations to provide validation
and insight for experimental results. Their work represents one of the first measurements
of the in-situ fracture toughness of graphene, with a measured value of GC =15.9 J/m2. The
methodology of their approach provides a viable means of testing emerging 2D materials,
such as polymer thin films, for in-situ fracture toughness. In this context, to the best of our
knowledge, a similarly thorough experimental verification of the applicability of classical
Griffith theory for a pre-existing nanoscale crack in a polymer nanocomposite has not been
conducted.

31

Figure 1.7. (a) (a) SEM image showing a graphene film suspended. (b) Morphology seen
by TEM on a suspended graphene sample with polymer residue (discontinuous) where the
fast Fourier transform diffraction pattern is shown in the inset. (b) In-situ SEM tensile
testing with a micro-device (a), SEM images ((b) and (c)) showing graphene before and
after tensile testing, respectively. Note focused ion beam milled central precrack in (b). (d)
Engineering stress–strain plots of the precracked graphene samples. (Reproduced with
permission from Zhang et al..[42] Copyright 2014 by Nature.)
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Ganesan et al.[111] developed a microfabricated device for the in-situ tensile
testing of 1D nanomaterials, such as nanowires. Tensile experiments on a clamped Nickel
(Ni) nanowires were performed within an SEM equipped with an in-situ nano-indenter
system with a blunt cube corner indenter. A jack-like device with eight 45 deg inclined
beams attached to the sample-stage was employed to transmit the vertical motion of the
indenter into tensile deformation of the nanowire that was positioned transverse to the
direction of indentation. Load-controlled mode was used to perform the indentation at a
constant loading rate of ~30 µN/s, which corresponds to a strain rate of approximately
0.007/s. The deformation of the nanowire as a function of load was measured in-situ using
a focused electron beam. Most significantly, the ultimate tensile strength values for all Ni
nanowire samples tested with this device were found to be almost an order of magnitude
higher than the ultimate tensile strength of Ni in bulk form (140-195 MPa). However, in
this work a direct correlation between the ultimate tensile strength of Ni nanowire as a
function of nanowire diameter was not observed. This technique has the potential to be
extended to other nonmetallic 1D material systems, such as CNT nanoropes.
Scanning

electron

microscopy-based

quasi-static

uniaxial

compression

experiments were conducted on a human bone to clarify the link between the
microstructure in bone and its yield strength and deformation at the sublamellae level by
Tertuliano and Greer.[10] Cylindrical samples with diameters between 250 nm and 3000
nm were fabricated via top-down focused ion beam milling. Results showed that a
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transition from plastic deformation to brittle failure and higher strength in smaller
specimens. This study showed the smaller-is-stronger confirming the sample-size scaling
of the distribution of flaws, which is essential for understanding hierarchical nature of
bone-like biomaterials and provide insight into the biomineralization process.[10]
In one of the very few in situ mechanical characterization experiments conducted
on a polymer nanocomposite, Allison et al.[63] performed microcantilever bending
experiments on a polymer-clay nanocomposite material as depicted in Figure 1.8. They
used the microcantilever test configuration primarily, because this method does not suffer
from some of the drawbacks of in-situ nanoscale tensile testing, such as, specimen
alignment issues and surface damage due to machining that may cause premature fracture
of the specimen. First, a 30 µm x 8 µm 8 µm microcantilever beam was machined out of a
polyvinyl alcohol/montmorillonite (MMT) nanocomposite specimen using a Gallium ion
beam. They then performed the bending experiment in-situ by incorporating a conospherical diamond nano-indenter tip inside a variable-pressure SEM as shown in Figure
1.8(a). To study the local failure mechanisms, a video of specimen surface deformation
was correlated to real-time load-displacement data obtained from the nano-indenter (Figure
1.8(b)). Their work provided important SEM micrographic evidence of crack-deflection
due to the presence of nanoclay platelets embedded in the polymer matrix of the nanocomposite, as shown in Figures 1.8(b) and 1.8(c). A similar crack-deflection mechanism
has been observed to occur in bio-materials, such as aragonite tablets in nacre, and will be
discussed in section 1.5.3. Additionally, they concluded that their macroscale uniaxial
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tensile specimen’s lower (bulk) ultimate tensile strength of 25 MPa was likely due to
processing defects and microvoids contributing to sample-size scaling of the distribution
of flaws, because the calculated maximum tensile stress in their microcantilever beam
reached an impressive 430 MPa.

Figure 1.8. In-situ nano-indentation study of polyvinyl alcohol/clay nanocomposite. (a)
SEM image showing cantilever beam and conical probe prior to the experiment, in which
the appropriate sample dimensions are prepared by etching using a focused ion beam. (b)
Correlation of the experimental data to crack initiation and fracture. (c) Fracture surface
morphology of the tensile zone. (Reproduced with permission from Allison et al..[63]
Copyright 2014 by Elsevier.)
1.5.3 Atomic Force Microscope
Local probing of mechanical properties (elastic and viscoelastic) of materials using
AFM has emerged as an incredibly powerful tool. With appropriate calibration, it provides
quantitative information on the storage and loss moduli distributions in complex
nanocomposites. Typically, a sample is rastered using a piezo scanner, and a tiny static
force is applied to the nano-indenter tip (<10 nm) at every node of the raster. As the tip
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penetrates only a few nanometers into the material, the lateral resolution of sub 20 nm can
be obtained. That includes topography of sample as well as relative modulus, adhesion,
stiff-ness, and viscoelastic loss tangent, which depend on type of measurement used. The
optimal resolution is based on multiple factors, typically for modulus mapping, it depends
on inherent mechanical properties of the material being measured, the geometry of the tip,
and the settings used (lock-in amplifier) to process the displacement signal. A recent review
discusses the history, fundamental principles, and current practices of nanoscale modulus
mapping using AFM.[112]
Despite tremendous interest in understanding the interphase morphology and
properties of nanocomposite systems, there are still significant challenges.[113-115] Direct
mechanical properties characterization of the interphase by AFM is complicated due to (a)
nanoscale dimension of the region, which requires sub-nanoscale spatial resolution, (b)
possible gradient stiffness of the interphase region, making it difficult for selecting
appropriate cantilever (right spring constant), (c) lack of high-fidelity theoretical model,
(d) challenges for proper characterization of the geometry of the probe, which has a strong
influence on the final quantitative analysis. Nevertheless, there has been some good
progress made in these areas. For example, Syed Asif et al. in 2001[116] demonstrated
interphase characterization of traditional carbon fiber composite. Characterization of
gradient in mechanical properties along the interphase region and quantitative
nanomechanical analysis was performed in various material systems by Cheng et al.[117]
Most recently, Brune et al.[118] reported direct interphase characterization of rubber by
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combining AFM (structural stiff-ness) with high-fidelity finite element modeling to
calculate the gradient in material modulus. The result showed two modulus regions, one
tightly bound rubber (<10 nm) with shear modulus >250 MPa, and the other one is of
loosely bound rubber (~30 nm) with shear modulus 7 MPa. Nevertheless, eliminating
artifacts is still an ongoing challenge; it is anticipated that detailed experiments with a
combination of appropriate high-fidelity modeling will eventually overcome these
challenges.
Advances have been made on a combined approach using AFM with conventional
testing techniques. For example, a horizontal universal mechanical testing machine has
been merged with an AFM system.[105] This approach has opened a new horizon for
correlating macroscopic mechanical properties with surface nano-morphological
properties. Through the combination of various forms of mechanical testing and
microscopic tools like AFM, a better understanding of the nanoscale damage effect can be
obtained. With the advancement in the structural design of nano-composites, there is a
growing interest as to the role microstructure has on damage evolution. Exploring the
extreme sensitivity of AFM probe tips and cantilevers allows for the investigation of
structural deformation of material systems under various forms of mechanical stress.
An in-situ AFM study conducted by Espinosa et al.[119] investigated the structural
effects of nacre nanocomposites-specifically, the “tablet sliding” which occurs at the onset
of damage. By pairing the observational tablet sliding and DIC, they sought to verify the
idea that nacre’s unique structural organization induces transverse dilatation, leading to the
37

inherent strength of this naturally occur-ring biological material. Artificial nacre-like
structures were processed through a fused deposition modeling system, which displayed
similar brick-and-mortar structures that are displayed in naturally occurring nacre
(comparison shown in Figure 1.9(a)).

Figure 1.9. (a) (a) The hierarchical structure of natural nacre (red abalone shell), (b) SEM
image of natural nacre, and (c) bio-mimetic brick-and-mortar nacre composite. (b)
Snapshots from in-situ (three-point bending) AFM studies on the biomimetic nacre,
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showing deformation at different loads by optical microscopic image and AFM images.
The results were combined to get DIC using kinematic displacement field. (Reproduced
with permission from Espinosa et al..[119] Copyright 2011 by Nature.)
Tablet sliding was observed within prenotched natural nacre through a three-point
bend mechanical test, while AFM imaging was conducted simultaneously. Images were
captured collectively throughout the loading process, as well as after the sample failure
(Figure 1.9(b)). DIC was then applied on each of the in-situ AFM images to quantify the
tablet sliding within the sample. Findings from the DIC showed evidence of tablet sliding
in reference to the onset of the crack propagation in the nanometer range. The authors
discuss the effects that the tablet sliding mechanism has on the overall toughening of the
nacre material-inducing dilatational hardening of the filler between adjacent tablets. Crack
positioning was also observed to play a significant role in the tablet sliding mechanism, as
reduced dilatation was seen in tablets residing further from the crack tip.
The natural structure of nacre has piqued the interest of other research groups as
well. Earlier work conducted by Li et al.[57] studied the California red abalone and its
nanograin structure within the individual aragonite platelets under a mechanical load using
AFM. Through the pairing of a micromechanical testing device and AFM instrumentation,
this group was able to success-fully perform both three-point bending and tensile tests upon
the prepared specimens from the bulk nacre material. Differential tensile strain rates were
applied to the sample while utilizing tapping mode on the AFM to take measurements of
the nanograin structure (displayed in Figure 1.10). Results from this testing showed that
the increased strain applied to the specimen induced a separation between the individual
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nanograins, as significant difference was noted between the in-situ tension data from that
of data without applied loading as shown in Figure 1.10(g). The authors attribute this effect
to the viscoelastic properties of the biopolymer filler between the nanograins.

Figure 1.10. (a) Nacre material under 0% tension, with arrows indicating the direction of
applied tension. (b)–(f) Differential tensile strain percentages of 1%, 2%, 3%, 4%, 5%,
respectively. (g) General schematic of grain rotation within an aragonite platelet showing
(a) nanograins under no mechanical stress and (b) grain rotation and biopolymer expansion
under mechanical loading. (Reproduced with permission from Li et al.[57]. Copyright 2006
by American Chemical Society.)
It is evident that aragonite platelets’ nanograin formation contributes to the overall
toughening mechanism of naturally occurring nacre. Through observational strain reaction,
a qualitative mechanistic scheme was successfully generated at the nanoscale for one of
the key building blocks for natural nacre – that of aragonite. The work presented by this
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group opened doors for other in-situ toughening mechanistic studies, like the
aforementioned work conducted by Espinosa et al.
It should be noted that all of the in-situ techniques mentioned in this section, thus far
(sections 1.5.1-1.5.3), are restricted to investigating deformation and damage that occur on
the surface of the test specimens. None of the in-situ characterization techniques introduced
in this review, with the possible exception of TEM and XRD, can probe the in-situ state of
deformation and damage process inside the material and can only observe deformation and
failure mechanisms on the surface, which is strictly in the plane-stress domain. This is a
serious drawback because, although damage may sometimes initiate at the surface of a test
specimen due to the presence of flaws, damage usually initiates inside the threedimensional structure of a test specimen due to the presence of higher hydrostatic and/or
deviatoric stresses caused by tri-axial constraint, depending on the specimen geometry and
loading. It is anticipated that in situ nano X-ray computed tomography or “nano-CT scan”
which can have a voxel resolution of 50 nm, will soon be able to overcome this deficiency.
1.5.4 In-Situ Measurement of Damage Using Piezo-Resistive Network
Using a more indirect in-situ approach for damage detection, researchers[120-122]
employed an electrically conducting piezo-resistive network of nanocarbon embedded in a
polymer matrix composite to measure the change in electrical resistance of the nanocarbon
network as a function of applied loading and deformation. By monitoring and correlating
the applied stress-strain data with the electrical resistance-strain curve during loading and
unloading and measuring the hysteresis effect, they were able to deduce damage initiation
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and quantify damage evolution in the polymer composite. Specifically, a damage resistance
change parameter (DRD) for a CNT network was identified as a damage metric which is
defined to be the sum of crack reopening resistance change and change in permanent
resistance in the composite due to damage.[121] The use of carbon black in the polymer
instead of CNT network resulted in much greater changes in the piezo-resistance due to
microcrack and void formation in the polymer surrounding the carbon black
agglomerates.[120] While this method is effective for detection of overall damage growth,
it is less effective in pin-pointing the exact location at which damage growth is taking place
within the composite structure unless the location of the damage/crack is known a priori.
1.5.5 Raman Spectroscopy for In-Situ Measurement
Raman spectroscopy has been a powerful tool to understand interfacial shear stress
transfer, strain distribution, and deformation modes at a microscopic level in carbon-based
nanocomposites.[80, 123-127] This is because CNP such as single-walled nano-tube,
multiwalled nano-tube, and graphene have active Raman modes; strain influences the
graphitic lattice structure and electronic structure which eventually affect the vibrational
frequency and resonant intensity. Depending on the strain (uniaxial, torsional, radial
deformation, and bending), Raman spectra of these materials have a different response. For
example, when bonds are elongated (under load), the interaction between nearby atoms
becomes weaker. As a result, high-frequency Raman modes, such as G-band (arises from
the stretching of the C-C bond) downshift linearly, which can be used to characterize strains
in that system.[123] Young et al. studied strain mapping in a graphene monolayer
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nanocomposite[125] by sandwiching a graphene monolayer between two thin layers of
poly(methyl methacrylate). They observed good stress transfer from the polymer matrix to
the graphene monolayer when the applied strain level is relatively low (max. strain 0.6%).
At higher strain, cracks on polymer matrix affect interfacial shear stress, which drops to
0.25 MPa, indicating poor adhesion at the graphene-polymer interface. This study
demonstrates the potential of Raman spectroscopy techniques to elucidate reinforcement
mechanisms and extract interfacial properties at a high level of precision. Recently,
degradation and recovery of graphene/polymer interfaces under cyclic mechanical loading
was studied by combining in-situ Raman with AFM.[126] A strain-dependent shift of 2D
Raman bands was monitored closely. Interfacial shear stress transfer between graphene and
poly(methyl methacrylate) matrix was found to be decreased during cyclic load. Bucking
of the graphene sheet during repeated deformation was suspected to be responsible for the
interface property degradation.
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1.6 PERSPECTIVE
This review provides ample evidence of the interest within the scientific community in
regard to the nanoscale mechanisms within material systems that contribute to their
enhanced mechanical properties. As described in this paper, a number of in-situ studies
have been conducted on metallic systems and on naturally occurring biological material,
but only a few in-situ experiments conducted on polymer nanocomposites can be found in
the open literature.[63, 120, 121] While there is a large body of evidence in the literature
that nanoscale reinforcements are generally conducive to the enhancement of stiffness,
strength, and toughness of polymer nanocomposites, there is a large knowledge gap
regarding the nanoscale strengthening and toughening mechanisms for polymeric systems
reinforced by nanostructured materials. In-situ mechanical characterization experiments,
as discussed in section 1.5, are ideally suited to fill this knowledge gap by providing a
close-up view of damage initiation and progression at the nanoparticle/polymer interface
in real time as a function of applied loading. Further, these data could provide a reliable
methodology to validate and/or reject the numerous multiscale failure mechanisms in
nanocomposites that have been put forward in the literature.
In today’s industry, carbon-fiber reinforced polymer composites and polymer
nanocomposites are being employed in more commercial applications than ever before.
These lightweight, composite systems with high-specific strength and stiffness are being
used in many different applications ranging from commercial plastics to aircraft structural
systems. With so many possibilities accessible to this versatile composite system, it is a
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necessity to fully understand the failure mechanism it exhibits under mechanical strain. By
applying the same process of systematic studies that have been applied to metallic and biomaterial systems presented in this review article, in situ characterization of carbon-based
polymer composites at the nanoscale could be realized after some of the challenges and
limitations have been overcome, as discussed in section 1.7.
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1.7 CHALLENGES AND LIMITATIONS OF IN-SITU AND FUTURE
PROSPECTS
Presently, several obstacles exist in studying in-situ failure mechanics of carbon-based
nanocomposites. As discussed previously, high-energy electron beam sensitivity of
polymer limited the advancement of in-situ mechanics characterization of polymer
nanocomposite using electron microscopies such as HR-TEM and HR-SEM.[91] Ideally,
current HR-TEM (e.g., Talos) has a capability of unprecedented visualization of 3D
electron tomography images with a capacity of illustration of few layers of
organic/inorganic materials. However, high electron volts (>200 keV) requirement and
radiation induced damage make the characterization very challenging.[92] Developing
selective straining of organics with heavy metals (ruthenium tetroxide, uranyl acetate),
opens up new opportunity to overcome the challenges.[93-95] Similarly, thin layer (<2 nm)
coating with conducting material such as gold, palladium, carbon iridium could help to
visualize the underlying structures. Nevertheless, an influence of those added moieties
(either through staining or coating) on local chemistry and the subsequent impact on
mechanics is still an open question. Active research on electron microscopy on biological
materials has resulted in advancement of microscopes such as low-voltage TEM, scanning
transmission electron microscopy[92, 96] and cryo-electron tomography.[128] These
techniques provide an unprecedented avenue for organics characterization and open up an
avenue for characterization of polymer nanocomposite systems. Similarly, combining
high-resolution STEM with electron energy-loss spectroscopy can play a critical role in
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under-standing the surface functionalization groups. This is because electron energy loss
spectroscopy is very sensitive to chemical bonds, atomic composition, valence and band
gap electronic properties, as well as surface properties. For example, a quantitative study
of the interphase and interface of graphene nanoplatelets/epoxy and graphene oxide/epoxy
was carried out by combining these two tools. The interphase regions between GNPs and
epoxy matrix were identified by the discrepancy of the plasmon peak positions in the low
energy-loss spectra due to different valence electron densities.[128] Combining those
advances with in situ mechanical TEM or Raman spectroscopy could lead to a possibility
of the understanding the influence of chemistry at the interface/interphase on local
mechanics including interfacial shear strength, stress transfer mechanism, and deformation
modes.
Further challenges arise in consideration of conducting in-situ experimentation with
polymer nanocomposites. Considering that a majority of these in-situ mechanical tests have
focused on metal-based systems, it presents the important question: how will the results
differ for soft polymeric materials? Unlike metallic materials, polymer systems that have
been enhanced through nanomaterials are not nearly as conductive as their metallic
counterpart – an enormous disadvantage when utilizing instrumentation such as SEM.
Sample conductivity is a tremendous asset in the experimental process when relying on
visualization for toughening mechanistic schemes. The inhibition of crack propagation at
the nanoscale can be more readily observed in more conductive nano-materials such as
nanographene. However, when utilizing rein-forcing agents such as nanoclays in polymer,
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the visualization of the toughening effects can be challenging. With advancements in
experimentation techniques, several groups have turned to thin layers of metallic coatings
during the characterization process of polymeric materials. However, in regard to in situ
mechanical testing, one must consider the spurious effects metallic coatings would have
on sample toughness. Additionally, focused ion beam is routinely used to prepare samples
required for nanoscale mechanical testing. Typically, the technique involves liquid metal
ion sources (e.g., gallium), which are accelerated at high-beam currents for site-specific
milling. Influence of gallium/milling on the chemistry and/or mechanical properties of
polymer nanocomposite still needs to be addressed.
In this context, the recent introduction of X-ray nanocomputed tomography (nano-CT)
(e.g., Zeiss UltraXRM-L200) enables 3D visualization of microscopic sample volumes
with voxel resolution of 50 nm in polymeric materials. Unlike electron microscopy, beam
induced damage does not occur in these systems, thereby opening up opportunity to study
polymer based nanocomposites. Resolution of the sample depends on the field of view
used, the inherent X-ray absorbance coefficient of the material, and its geometry. The best
quality of reconstruction can be achieved with samples small enough to fit within the field
of view at all projection angles (low field of view 16 um wide gives 50 nm resolution, high
field of view 65 um wide gives 150 nm resolution). Sample preparation plays a critical role
in resolutions and contrast in the reconstruction process. For example, with high atomic
number (Z) materials, which cause high attenuation, smaller diameter specimens are
required. Combining in situ load cell into X-ray CT allows visualizing nanoscale
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deformation in a material. Song et al. studied the in-situ synchrotron radiation nano-CT
toughening mechanism of silica nanocomposite.[129] During tensile load, stress-induced
phase separation was observed between silica nanoparticles and silicone polymer chain
networks. The study indicated that silica nanofiller serves as reversible high-functionality
crosslinker, where the reversible bonding exists between silica nanofiller and silicone
rubber or between nanofiller particles, which is responsible for dissipation of mechanical
energy efficiently.[129] This type of 3D volumetric information using nondestructive
methods bridge the gap between micro-CT and electron microscopy and should eventually
open up the opportunity to understand nanoscale local plasticity, and the role of particles
size and distribution on energy dissipation in the nanocomposite.
Furthermore, data on the effect of surfactants, dispersants, and intercalating agents on
mechanical properties of the polymer nanocomposites are not readily available in the
literature. These extraneous effects could potentially mask the actual trend and lead to
contradicting statements regarding the effect of the particle dispersion, size, and shape on
glass transition temperature (Tg), elastic moduli, and strength of the polymer
nanocomposites under investigation. For example, Marras et al.[130, 131] investigated the
role of filler modification level on polymer-silicate nanocomposites. They prepared
nanocomposite specimens consisting of poly-lactic acid and montmorillonite clay modified
using different concentrations of the surfactant hexadecylammonium (HDA). Upon
mechanical and thermal characterization of the specimens, they concluded for the polylactic acid/HDA/MMT system that there is an optimum level of HDA (around 1.5 times
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the cation exchange capacity of the MMT) that produces the best compromise between
desirable mechanical and thermal properties. Increasing the level of HDA beyond this
threshold value results in leaching of the surfactant into the surrounding polymer, thereby
causing a dramatic decrease in mechanical properties. On the other hand, Shah et al.[132]
found that excess surfactant helps in the exfoliation of organoclays during extrusion, and
therefore should result in better mechanical properties. Indeed, they provided experimental
evidence that improved levels of exfoliation and higher stiffness for these nanocomposites
can be achieved through excess amount of the amine surfactant on the clay, instead of an
equivalent amount. Marras et al.[130] surmised that these contradictory results are likely
due to the different polymer/surfactant systems used, and therefore, caused by the
energetically favorable (or unfavorable) interactions between the surfactant modified clay
and the polymer. Consequently, it is important that experimentalists conducting in situ
studies on polymer-clay nanocomposites or any other surfactant modified systems should
be aware of the sensitivity of polymer nanocomposite properties to these extraneous agents
before drawing any definitive conclusions.
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1.8 TECHNOLOGY GAP IN NANOCOMPOSITE TOUGHNESS
CHARACTERIZATION
Further modeling efforts are needed so that a better understanding of fracture
mechanisms for polymer nanocomposites at the nanoscale can be achieved, which would
enable us to design materials from the bottom-up in accordance with the Materials Genome
Initiative. For example, postulating the existence of a singular stress-field at a crack tip in
a continuum (such as, a polymer matrix), linear elastic fracture mechanics uses the concept
of fracture toughness (i.e., KIC or GIC), which is defined to be the critical value of stress
intensity factor (or energy release rate) when a brittle solid begins to fail due to cracking.
For an infinite plate with a central crack subjected to a uniform tensile stress in the far field,
the critical far-field stress (scr) required to initiate a crack expressed as a function of central
crack length, 2a, is
𝜎>B,D5BEDFGHI =

𝐾KL
𝜋𝑎

(5)

According to Eq. (5), when the semicrack length, a, approaches nanoscale, the far-field
critical stress (scr) increases exponentially and could reach the theoretical strength (sth) of
a perfect solid, assuming that the material toughness (KIC) remains constant. The
corresponding critical crack length can be calculated from Eq. (5) as[133]
𝑎>B

&
𝐾KL
=
&
𝜋𝜎+,

(6)

which is the crack length below which the failure strength of nanoscale structures is no
longer governed by the fracture tough-ness but by its theoretical strength, thereby
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triggering a brittle to ductile transition in the failure mode as schematically depicted in
Figure 1.11(a).

Figure 1.11. (a) Crack length effect at the nanoscale leading to a brittle to ductile transition.
(b) Schematic of crack propagation and damage evolution in the presence of GNP, (a) at
the meso-scale and (b) magnified view at the nanoscale. Guided by the large increase in
ductility of the fracture specimens at fracture due to the presence of graphene nanoplatelets
in mode I and mixed-mode fracture studies conducted by Kumar and coworkers[46, 134],
it can be postulated that the primary toughening effect observed with the dispersion of
small amounts of GNP in a polymer and polymer composite is due to the nanoscale crack
that is created when a macroscale crack impinges on a nanoparticle-polymer interface and
is deflected along the interface. This is depicted schematically in Figure 1.11(b), which
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shows a macroscale crack propagating perpendicular to the principal stress direction until
it encounters a nano-platelet. Upon impingement, the macroscale crack is deflected along
the nanoparticle length, as depicted in the magnified view in Figure 1.11(b) (to the right).
By limiting the length of the dispersed platelets to be less than the critical crack
length (acr) for a given polymer matrix through high-shear processing, the length of the
nanoscale crack can be controlled as depicted in the close-up view shown in Figure 1.11(b)
(to the right). The consequent transition of failure mode from fracture (brittle) to strengthbased damage (ductile) as depicted in Figure 1.11(a) would result in far greater energy
absorption, and hence greater intrinsic “toughness.” Therefore, a material design based on
this nanoscale crack-size mechanism could lead to very significant increases in mode I and
mixed-mode toughness, as evidenced in the fracture test data presented in Refs. [46] and
[134]. Eventually, the damage created at the nanoparticle tip would coalesce under
increased loading and the macroscale crack (shown in red) would resume propagation until
it encounters another nanoparticle and gets deflected, as depicted in Figure 1.11(b), thereby
repeating the process.
When the crack front is able to go around the nanoparticle, it results in temporary
crack pinning by the particle. However, it appears from this development that the primary
mechanism for energy dissipation, i.e., toughening, for this system is neither crackdeflection nor crack-pinning, but strength-based ductile damage evolution. Similar
“reduction of stress singularity” at the crack tip at the nanoscale has been reported by other
researchers such as Gao et al. for nacre, and Cheng and Sun[133] for brittle NaCl crystals,
and corroborated by molecular dynamics simulations. Further, Wang et al.[135] published
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an article specifically investigating the size effect of dispersed graphene oxide platelets on
toughness enhancement of diglycidyl ether bisphenol A epoxy nanocomposite. As shown
in Figure 1.12, they observed that the highest improvement in toughness (~75%) occurred
for GO platelets with a median size of 700 nm (epoxy/GO-3 in Figure 1.12); the next
highest improvement in toughness (~62%) occurred for a median size of 1720 nm
(epoxy/GO-2); and the lowest improvement in toughness (~10%) occurred for a median
size of 10,790 nm (epoxy/GO-1) at a filler loading of 0.1 wt % for all three cases. Evidently,
as depicted in Figure 1.12, GO platelet size plays an important role in toughness
enhancement in an epoxy nanocomposite at any given filler content. Thus, there is a
heightened need for in-situ experiments with photographic evidence to fully verify the
nanofiller length-scale effect on toughening by observing the deformation in the process
zone near the tip of a deflected crack in a polymer nanocomposite thin film while it is being
loaded, thereby confirming if there is a transition from brittle fracture to ductile failure as
the nanofiller size is reduced. Furthermore, to the best of our knowledge, a thorough
experimental verification of the applicability of classical Griffith (LEFM) theory for a preexisting nanoscale crack in a polymer nanocomposite has not yet been conducted. This
issue is addressed in greater detail in section 1.9.
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Figure 1.12. Effect of nanoparticle size on mode I fracture toughness in GO/epoxy
nanocomposite as a function of filler content. (Reproduced with permission from Wang
et al..[135] Copyright 2013 by Elsevier.)
While this specific toughening effect discussed earlier is not directly attributable to the
formation of an interphase with enhanced properties due to the re-arrangement and/or
confinement of polymer chains near the nanoparticle-polymer interface, the deflection of
the crack at the nanoscale interface is deemed to play a key role. Additionally, interphase
effects, which include interfacial bonding chemistry and its influence on the local
mechanical properties at the interphase, could be incorporated to refine the nanoscale
toughness model based on detailed evidence provided by in situ experiments.
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1.9 CONCLUSIONS
The following conclusions are presented based on our review of the current state of the
art on in situ testing of polymer nanocomposites:
(a) While there exists a large body of data on in situ experiments performed on metallic
materials (e.g., nanowires) and on pristine nanocarbon (e.g., CNT, nanographene),
in situ experiments performed on polymer nanocomposites are very few and far
between. One of the reasons for this lack of data could be attributed to the difficulty
of fabricating polymer nanocomposite test specimens for in situ testing using
standard techniques applied to metals or CNP, such as focused ion beam milling,
without seriously damaging and/or degrading the test specimens. In addition,
characterization of polymer systems by high resolution electron microscopies such
as HR-TEM and HR-SEM has been a challenge due to sample damage and
contamination induced by high energy electron beam. The spurious effect of
metallic coating, required for SEM imaging, on polymer nanocomposite specimen
toughness needs to be considered as well.
(b) Linear elastic fracture mechanics is often employed to derive fracture toughness
data from nanoscale experiments. For example, in the work by Zhang et al. on the
fracture of a graphene sheet, they measured the critical far-field tensile stress of
fracture for different initial crack lengths. These data enabled them to positively
verify the applicability of the classic Griffith theory (i.e., LEFM) to the brittle
fracture of graphene. Other researchers[136, 137] arrived at a similar conclusion
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using multiscale quantum/MM simulations showing that LEFM is applicable to
crack like defects as small as 1 nm, which is surprising because the stress-strain law
for graphene is nonlinear, whereas LEFM assumes linear elastic material response.
Using a discrete form of the J-integral at the atomic scale, they were able employ
energy balance to show that there was only a modest amount of toughness increases
due to lattice trapping in graphene, and that the Griffith criteria was still valid. However, their results are in disagreement with the work by Gao et al.[31], Shimada et
al.[27], and Cheng and Sun[133] who have proposed that materials are defect
tolerant at the nanoscale for crack lengths below 30 nm for crystalline solids. Mode
I and mixed-mode fracture data obtained by Kumar and coworkers[46, 134] for
polymer nanocomposites, as discussed in section 1.8, supports the concept of
significant toughness increase in amorphous polymer nanocomposites possibly due
to defect-tolerance at the nanoscale working in conjunction with crack-deflection
by nanofillers. This observation is further reinforced by data presented by Wang et
al.[135] where GO platelet-size plays a very significant role on toughness
enhancement in an epoxy nanocomposite for any given nanofiller content.
Therefore, “Does LEFM apply at the nanoscale?” remains an open question that is
yet to be definitively answered in a general sense. In our opinion, it can, perhaps,
be best answered and verified through in situ fracture testing where the fracture
process zone evolution can be closely monitored during crack initiation and
propagation under applied mechanical loading, as well as monitoring changes in
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the quantity 𝜎> 𝑎A for different pre-existing crack lengths in the range below 30
nm where LEFM presumably breaks down.
(c) None of the in-situ characterization techniques introduced in this review, with the
possible exception of TEM and XRD, can probe the in-situ state of deformation
and damage process inside the material and can only observe deformation and
failure mechanisms on the surface, which is strictly in the plane-stress domain. This
is a serious drawback because, although damage may sometimes initiate at the
surface of a test specimen due to the presence of flaws, damage usually initiates
inside the three-dimensional structure of a test specimen due to the presence of
higher hydrostatic and/or deviatoric stresses caused by tri-axial constraint,
depending on the specimen geometry and applied loading. It is anticipated that in
situ nano X-ray computed tomography or “nano-CT scan” will soon be able to
overcome this deficiency.
(d) Data on the effect of surfactants, dispersants, and intercalating agents on
mechanical properties of the polymer nano-composites are not readily available in
the literature. These extraneous effects could potentially mask the actual trend and
lead to contradicting statements regarding the effect of the particle dispersion, size,
and shape on glass transition temperature (Tg), elastic moduli, and strength of the
polymer nanocomposites under investigation. Therefore, care must be taken in
designing control experiments to reveal such effects.
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(e) Viscoelastic relaxation plays an important role in the characterization of polymer
composites even at the nanoscale, and therefore it needs to be accounted for in in
situ nano-scale mechanical testing using techniques such as nano-indentation.
Hence, time-scale as well as length-scale issues must be considered in designing in
situ experiments.
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2.1 ABSTRACT
Despite the tremendous interest, an understanding of the onset of crack formation
and propagation in nanocomposites is still very incomplete. This is due to a lack of a)
characterization techniques to capture the mechanics at sub-100 nm levels, and b) accurate
models for the estimation of failure-modes. Current models based on linear fracture
mechanics fail to capture sub-nanometer crack-tip formation or describe the nanoscale
fracture toughness mechanism. Recently, molecular dynamics simulations have helped to
illuminate the influence of nanoscale crack length and local void formation on a fracture.
However, the accuracy of these simulations relies on refinement of the model parameters
from specially designed experiments. With this motivation, the present experiments are
designed to illustrate the toughening mechanism of MoS2 reinforced epoxy composites. A
systematic processing technique was developed to ensure proper dispersion of the MoS2
nanocomposites in a DGEBA epoxy polymer matrix through two exfoliation techniques.
The detailed characterization using in-situ FT-IR, DSC and DMA enabled insights into the
local polymer network and interphase formation based on the solvent quality and surface
functionality of MoS2. High-resolution TEM, SEM, and AFM lead to an understanding of
the 3D dispersion of these nanosheets. Experiments associated with nanoscale visualization
of fracture in the composites are conducted using in-situ tensile testing stages placed within
SEM. These experiments may provide an in-depth understanding of the influence of flaw
size, and platelet size, thickness, and dispersion of nanoparticles on fracture toughness and
will be indispensable in guiding the refinement of multi-scale models.

80

2.2 INTRODUCTION
2.2.1 Composites in Material Science
In the growing field of material science, composite systems have gained interest in
regard to improving their structural, mechanical and thermal properties. Within a
composite blend, one material acts as a primary support matrix; this initial material is often
times some form of organic polymer such as epoxy resins, poly(methyl methacrylate),
polyimide, or poly(vinyl-alcohol).[1] A secondary material can then be incorporated into
the base, or matrix, to enhance its properties. Composite materials have been widely
attributed to their applications in aerospace technology, particularly due to their large
tensile strength and resistance to compression.[2] In recent developments, systems such as
these have been used within commercial aircraft (up to 50%), taking advantage of structural
composite materials such as carbon laminates.[3]
2.2.2 Epoxy Resin Systems
In addition, epoxy polymer composites have been heavily involved in other commercial
applications such as paints and adhesives.[4] The base of these composite materials is the
epoxy resin itself. Epoxy resins have a great deal of variety in terms of their chemical
makeup, as they can be made up of several different orders of carbon chain lengths and
molecular weights; however, one thing that all epoxy resin systems have in common
structurally is the presence of at least two epoxide functional groups residing on the ends
of the carbon chain. In order for these polymeric chains to maintain their structural
integrity, a curing agent is commonly used to react with the epoxy monomers to form a
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crosslinked network. Depending on the chemical structure of the curing agent, the
polymerization mechanism can vary drastically. The chemical properties of the network
structure are strictly determined by the molecular weight, functionality and chemical
makeup of the monomers themselves, typically involving aliphatic, cycloaliphatic and
aromatic functional groups.
One of the more widely studied thermosetting systems is composed of
polyfunctional monomeric units made up of the aforementioned functional groups,
attributing their heavy usage in commercial products to their low processing
temperatures.[5-8] Monomers involving aromatic amine functional groups require more
labor intensive processing techniques due to their high melting point and low solubility;
for this reason, solvents are often times required.[9] To avoid additional solvent from being
processed into the composite, it is widely accepted to process these amine curing agents at
higher temperatures to diffuse within the epoxy resin.[10]
It is well-known that diglycidyl ether of bisphenol A (DGEBA) is perhaps one of
the most studied epoxy resins within the community to date. As mentioned prior, epoxy
resins can vary in structure slightly, but can possess differing chain lengths and molecular
weights. Typically, repeating units (n) can go up to values of 5; DGEBA is known to be
bifunctional, as it possesses epoxide rings at both ends of the chemical structure as
represented by the following.
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Figure 2.13. Chemical structure of DGEBA epoxy resin monomer.
The primary mechanism behind the crosslinking reaction of epoxy monomers is due to the
nucleophilic functional group within the curing agent. In this work, 3,3’diaminodiphenylsulfone (3,3’-DDS) was implemented as the crosslinking agent due to its
ability to produce high yield crosslinking of the resin system.[11]

Figure 2.14. Chemical structure of 3,3'-DDS crosslinking agent.
In order to obtain a fully crosslinked system, it is important to consider the
functionality of both the epoxy resin, and the crosslinking agent, as the overall composite
structural network is affected by both the molecular weight of the monomeric units and the
ratio at which they are reacted. As mentioned prior, DGEBA is considered to be
bifunctional from the epoxide rings on both ends of the chain; in contrast, the amine
crosslinking agent of 3,3’-DDS is considered to be multifunctional. While its chemical
structure possesses two primary amine functional groups, each of those groups can react
twice with an epoxy monomer; therefore, the stoichiometric equivalency is two moles of
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epoxy monomer to one mole of amine monomer (2:1). In addition to the two reactions of
two epoxy monomers to one diamine functional group, a third reaction is likely to occur
within the composite matrix – that of etherification. While amine functional groups show
favored ring-opening mechanisms at lower temperatures, elevated temperatures allow for
the alcohol (-OH) group on the epoxy monomer to perform ring opening of the epoxide
groups as well, forming ether bonds.[12] The anticipated order of reactions is displayed by
the following scheme:

Figure 2.15. Reaction scheme of the three anticipated reactions for the epoxy-amine
system.
2.2.3 Nanomaterials in Composite Blends
A great deal of interest has been invested in this crosslinked system in particular,
primarily due to their low cost and structural applications. In this regard, low fracture
resistance of this material has been a critical issue due to their inherent brittle nature. Epoxy
polymers alone display little to no plasticity for energy absorption which is needed for
improving the toughening properties, such as ductility at a bulk scale. There has been a
tremendous effort on the enhancement in fracture toughness through toughening agents
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such as nanomaterial fillers (spherical nanoparticles, nanosheets, nanorods, and
nanofibers).[13] These nano-fillers are expected to enhance the toughness at a very low
weight percentage due to their high surface area compared to that with the traditionally
used micron-sized fillers.[14]
Perhaps the most widely recognized nanomaterial is that of graphene, which has
been recognized for its high surface area and outstanding mechanical properties. Recent
findings have shown that this nanomaterial possesses a Young’s modulus of 1 TPa, as well
as intrinsic strength on the order of 130 GPa.[15] Over the years, graphene has accrued a
wide variety of interest in its reinforcement properties within polymer matrices. Through
the successful incorporation of this filler, a wide variety of mechanical properties from
graphene can be transferred to the overall toughness of the composite blend through stress
transfer.[13, 16-21] The overwhelming recognition graphene has received in terms of its
mechanical properties has recently become dwarfed by the latest electronic applications it
possesses. Despite its chemical structure being made up of entirely carbon, graphene has
been noted for its high values of conductivity, which has led to several promising
applications in supercapacitors.[22, 23] However, due to the challenges of tuning the
energy band gap of graphene, other nanomaterials have been sought out to provide a hybrid
of thermal, mechanical and electronic enhancements to nanocomposite systems.
Transition metal dichalcogenides (TMDs) have been widely recognized as a promising
nano-fillers for their semiconducting properties as a 2-D nanomaterial, and its
multifunctional chemical properties.[24-26] TMDs are a specific subgroup of nanomaterial
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possessing a generic chemical formula of MX2, where M is indicative of a transition metal,
and X represents a chalcogen atom. Notable TMDs include tungsten disulfide (WS2),
molybdenum diselenide (MoSe2), tungsten diselenide (WSe2), molybdenum ditelluride
(MoTe2) and molybdenum disulfide (MoS2). While TMDs are regarded as a unique type
of 2-D nanomaterial, their bulk crystal state is made up of hundreds, to thousands of mono
layers attracted to one another by Van-der-Waals attractive forces. In contrast to its
competing nano-filler, graphene, TMDs retain a direct energy band gap, making them a
promising material to be incorporated into electronics for detectors and transistors.[27-31]
MoS2, in particular, has been used as a nano-filler in photon emission, chemical
sensing, coatings and chemical catalysis applications.[32, 33] MoS2 possesses an optical
band gap of 1.9 eV – making it a useful material for opto-electronic applications. MoS2 in
its bulk state results in indirect band gap measurements, however, by obtaining few-layered
MoS2 nanosheets, it becomes direct, allowing for fine-tuning of the electronic
properties.[34] Few-layered MoS2 layers dispersed within an epoxy polymer matrix have
been shown to improve various modes of fracture toughness at the bulk scale up to the
point of saturation when agglomeration is observed.[35] In this regard, optimal dispersion
of nano-fillers such as MoS2 within a polymer matrix remain a crucial step in the processing
of nanocomposites; as mechanical properties can deplete as aggregates are introduced,
producing mechanical stressors on the material at the nanoscale.
2.2.4 Common Exfoliation Techniques
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Due to the desirable properties of MoS2 at the mono-layer level, many efforts have
gone into transforming the bulk crystal state of this TMD into dispersants consisting of
atomically thin layers, also known as exfoliation. One of the more reproducible forms has
been shown to be chemical exfoliation. Several of these practices involve a process known
as intercalation, a process that often times requires solvents of high polarity and aggressive
chemical reagents. One of the more popular reagents utilized in the intercalation of MoS2
is n-butyllithium; where the charged lithium ion inserts itself between individual layers of
the crystal, thus disrupting the attractive Van-der-Waals forces. Products of this type of
intercalation chemistry often times result in LixMoS2 nanosheets, which result in the
disruption of the 2H crystalline phase of MoS2, producing a 1T phase, which reserve littleto-no opto-electric properties.[36-38]
Chemical free approaches have also been implemented to exfoliate MoS2; one of the
most common practices involves the mechanical delamination of the bulk crystal by
cleaving few-layered flakes using Scotch tape.[39, 40] In addition, further mechanical
forms of exfoliation have shown a lot of promise within the material science community,
many of which involve sonication of the bulk crystal within an organic solvent. High
sonolytic forces have demonstrated their ability to also disrupt the weak Van-der-Waals
attractive forces that hold individual layers of MoS2 together, all while retaining the
desirable 2H crystalline phase of the nanomaterial.[41, 42]
Solvents have played a vital role in terms of exfoliating MoS2, as they provide a
dispersant medium for the flakes to stay suspended in upon incorporation into a polymer
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matrix. In this regard, solvents have continued to produce issues in nanocomposite
processing, as they have been experimentally shown to degrade the thermal and mechanical
properties of epoxy polymers.[43, 44] Even at the microliter level, residual solvent has
been thought to hinder the kinetics of the crosslinking reaction and curing behavior of the
composite, thus altering the formation of the chemical network structure. For these reasons,
solvents that possess a high boiling point are typically avoided in composite processing. In
addition to solvent compatibility, several knowledge gaps still exist in regard to the
toughening mechanics behind nano-fillers such as MoS2.
2.2.5 Nanoscale Fracture Mechanics in Composite Materials
In order to fully examine the failure mechanics of any type of material, one must first
take into account the bulk mechanical properties. Bulk mechanical properties of various
materials can be measured through traditional applications such as load bearing tensile
testing, modulus mapping through dynamic mechanical analysis (DMA) and three-point
bend testing. Through time, several different mathematical methods have been utilized to
develop accurate models to predict the mechanical efficiency of materials in their bulk
state. Several of these models are based off of continuum fracture mechanics – a process
which bases material stressors to be caused from strain energy of a continuum media.
Recent studies have indicated that fracture mechanics differs drastically at the
nanoscale.[45] The core concept of linear elastic fracture mechanics (LEFM) fails to
capture the localized failure mechanism at the nanoscale due the fact that there is no
accommodation for the discreteness of atoms
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Despite the tremendous interest, there is still a significant gap in understanding the
toughening mechanism, especially the onset of crack and the subsequent propagation
within nanocomposite systems. That is due to the complexity of failure modes, which can
be directly influenced by the chemistry of the local structure, inherent properties of matrix
and the filler, interphase/interface, shape and size of the filler, dispersion of the filler, as
well as type of the load. To understand the mechanism, it is important to critically look into
the competition between both intrinsic toughening (ahead of a crack tip) as well as extrinsic
toughening (behind the crack tip).[46] However current computational approaches for
predicting the toughening mechanism are very premature and significant effort is needed
to the refine model parameters through systematically fed experimentally observed
data.[45, 47] Until today, macro-scale mechanical testing has predominantly been used in
nanocomposite materials systems. Nevertheless, it often fails to provide necessary insight
into the mechanism responsible for the reinforcement. Attempts have been made to provide
mechanistic insights by carefully analyzing the post failure samples.[48, 49] Based on these
studies a variety of toughening mechanisms have been proposed. However, the on-set of
cracks and the dynamic nature of the nanoscale crack in the presence of nanofiller and
understanding the inter-relationship between chemistry, morphology and property is still
an open question.[48-51] In-situ nanoscale mechanical testing can provide more in-depth
understanding of the nanoscale phenomena.[52, 53] Challenges remain to overcome the
electron beam damage and the reproducibility of the measurement. Unlike metals,
polymers are highly sensitive to electron beam damage, and there is a significant gap in
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understanding nanoscale failure mechanism, and toughening of nanofillers in polymer
nanocomposite system.
2.2.6 Objective Statement
The key objectives of this study are a) successfully obtain few-to-mono layered MoS2
exfoliation through two different exfoliation methods, b) to develop processing conditions
to obtain homogenous dispersion of MoS2 in an epoxy polymer matrix, c) evaluate the bulk
chemical, thermal and mechanical properties of the two nanocomposite models d) to
develop experimental capabilities to perform nanoscale in-situ tensile testing of the MoS2
epoxy nanocomposites in scanning electron microscopy (SEM), and e) to provide both
qualitative and quantitative datasets to help understand the toughening mechanism based
on chemistry, processing conditions, solvent quality, and the size, geometry, and
morphology of the samples.
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2.3 MATERIALS AND METHODS
2.3.1 Materials
The studied epoxy resin was DGEBA with a repeat unit, n of 0.15, molecular weight
of 360 g/mol and an epoxide equivalent weight of 190 g/eq (Miller-Stephenson). The
curing agent, 3,3’-DDS, studied nanofiller, molybdenum(IV) sulfide (MoS2), sodium
borohydride (NaBH4), N-methyl-2-pyrrolidone (NMP), cumene hydrogen peroxide (CHP,
80%), acetonitrile (ACN) were all purchased from Sigma-Aldrich without further
purification. The solvents used in this work were stored in bottles containing molecular
sieves (3 Å).
2.3.2 Preparation of Exfoliated MoS2
2.3.2.1 Redox Exfoliation
Two separate exfoliation techniques were implemented to initiate the delamination
of bulk MoS2 – the first technique required the use of oxidizing/reducing reagents to disrupt
the intermolecular interactions between individual MoS2 layers. The redox process carried
out for this study was adapted from Jawaid, et al. for the exfoliation of TMDs.[54] Bulk
MoS2 powder was exfoliated in an ACN organic solvent by weighing 200 mg of MoS2 into
a 20 mL glass vial with 10 mL of solvent. An oxidizing agent of CHP was then added
(1,124 µL) to the suspension in a 5:1 mol ratio of CHP:MoS2 and allowed to mix with a
magnetic stir-bar for ~16 hr. Oxidation of bulk MoS2 allows for the pre-cursor formation
of polyoxomolybdate (POM) anionic species in solution. Literature results conclude the
formation of POM species within solution through the use of X-ray photoelectron
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spectroscopy (XPS).[54] This techniques allows for the quantification of differing metal
states within solution. It was shown that very small quantities of MoVI were observed upon
incorporating MoIV into the ACN solvent system within the supernatant. Upon the
incorporation of CHP, it was observed that the formation of MoVI had increased by
12%.[54] In this work, the formation of POM species was observed once the stir was
brought to a stop, allowing the MoS2 to settle out of solution, leaving a yellow supernatant,
confirming the observations from the literature.[54] The vial was then reduced to a total
volume of 6 mL by pipetting out the supernatant.
The suspensions were then subjected to chemical reduction utilizing a titration
technique with a 0.1 M NaBH4 (38 mg of NaBH4, 10 mL of H2O) solution at 0°C to
promote the adhesion of the formed POMs to the surface of the flakes, allowing for the
disruption of van der Waals forces between individual layers. The literature in which this
method is based off of concluded that adhesion was in fact occurring in solution using
XPS.[54] Upon reduction using NaBH4 the supernatant MoVI species reduced from 12% to
~7%, thus confirming the interaction with the precipitant flakes. This species count was
further reduced to ~2% following the subsequent washing of MoS2 flakes with fresh
solvent. In this work, the NaBH4 solution was added in 20 µL aliquots until the flakes were
visibly suspended within solution after low centrifugation rates (1000 rpm).
Following the reduction phase, the suspension was then washed thrice with fresh
ACN through a series of high speed centrifugation steps to rid the suspension of any excess
reagents. The few-to-mono-layered MoS2 flakes were then isolated from the multi-layered
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flakes through a slow centrifugation speed (1000 rpm) where the top 2/3 of the solution
was extracted. The extracted exfoliated flakes were then subjected to a 14,000 rpm
centrifugation speed to sediment out all few-to-mono-layered flakes to draw off as much
solvent as possible to concentrate the sample and to avoid the addition of large volumes of

processing exfoliation

solvent into the nanocomposite.

oxidation

CHP

high speed
centrifugation

reduction
NaBH4
POM
adsorption

low speed
centrifugation

solvent
extraction

Figure 2.16. Reaction scheme and processing methods used for redox exfoliation of MoS2.
2.3.2.2 Probe-Tip Exfoliation
The second technique relied on mechanical exfoliation of bulk MoS2 in contrast to
the chemical exfoliation process mentioned prior. First, a 9 mL aliquot of NMP was mixed
with a 1 mL aliquot of highly purified deionized water. The addition of water induces an
exothermic oxidation reaction of NMP to act as a secondary agent to aid the exfoliation of
MoS2 through the formation of hydroperoxides, as previous experimental work has
proven.[55] Much like the redox exfoliated system, the literature in which this process was
93

based off concluded this oxidation using XPS. It was found that the species of MoVI
increased with the addition of water; however, the relative oxidation of NMP with H2O
was not fully responsible for this increased formation of Mo species. NMP oxidant
formation has been stated to react preferentially to edge sites of bulk MoS2, forming anionic
MoOx2-.[55] This is due to the structural formation of MoS2 in its bulk state. As the terminal
end of MoS2 possess a Mo atom, this allows for the formation of an unsaturated
coordination sphere, thus facilitating the formation of MoOx2- and Mo(SOx-2)2, promoting
etching within the bulk crystal, and ultimately not effecting the overall surface chemistry
of the particle. In this work, the NMP/H2O mixture was allowed to sit four 24 hr prior to
the addition of 100 mg quantities of bulk MoS2 powder. The vial, along with its contents
were then sonicated (Sonics and Materials Inc.) with a horn probe sonic tip (5 mm, tapered
microtip 630-0419 vibra cell) for 3 hr with a 5 s on and a 2 s off pulse at a power output of
127.5 W (17% X 750 W) within a chilled water bath maintaining a temperature of 5°C.
Following the sonication process, the MoS2 suspension was subjected to a low
speed centrifugation (1000 rpm) in order to sediment out multi-layered flakes. From this
centrifugation step, the supernatant containing exfoliated MoS2 was extracted and
transferred to a separate centrifugation tube. Following this step, a separate centrifugation
process was initiated at 14,000 rpm in order to sediment out all of the exfoliated flakes
from the solution – followed by an extraction of the supernatant and a resuspension of the
flakes in order to concentrate the solution.
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Figure 2.17. Probe tip sonication exfoliation scheme of bulk MoS2 and its processing
scheme (top), in addition to the oxidation of NMP and its role on surface functionalization
of MoS2 flake (bottom).
2.3.3 Exfoliated MoS2 Characterization
2.3.3.1 UV-Vis Spectrophotometry
UV-Vis spectra of diluted exfoliated MoS2 solutions (1000X) were carried out on
a Cary 300 spectrometer at a spectral range of 300-800 nm at a speed of 1200 nm min-1.
Absorbance measurements were conducted within a quartz cuvette with a path length of 1
cm.
2.3.3.2 Transmission Electron Microscopy (TEM)
High-resolution transmission electron micrographs of MoS2 suspensions were
captured on a FEI Talos F200X TEM with an electron beam voltage of 300 kV. The
processed exfoliation solutions were first diluted (100X) within their respective solvent
systems, followed by being drop-casted upon a 400-mesh copper TEM grid supported by
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a lacey carbon film (Ted Pella). Following the grid preparation, each sample was left to
dry for ~24 hr at ambient conditions.
2.3.4 Nanocomposite Processing
The MoS2-epoxy nanocomposites were prepared in accordance to total weight
percentage of exfoliated MoS2. To evaluate the role surface functionality of nanofillers
plays on the structural integrity of nanocomposites, two models were considered – a 0.05
MoS2 wt% for redox exfoliated, and probe-tip exfoliated flakes. First, the epoxy resin was
heated slightly to 70ºC to reduce the viscosity, and weighed out accordingly to a fixed
weight of 3.48 g into a flat-bottomed glass vial. The corresponding weight percentage of
exfoliated MoS2 solution was then pipetted into the epoxy resin using an analytical
micropipette. To promote the dispersion of MoS2, the suspension was the subjected to 90
min of bath sonication as well as 30 min of high speed shear mixing.
The epoxy/MoS2 solution was then heated within a glycerol bath at 125ºC. A
stoichiometric equivalent (2:1) of 3,3’-DDS was then added to the vial and allowed to stir
for 20 min utilizing a magnetic stir bar it initiate the crosslinking of epoxy polymer chains.
The temperature was then increased to 135ºC for 20 min to allow the crosslinking agent to
fully disperse into the epoxy resin. The mixture was then degassed within a vacuum oven
at 125ºC to evacuate the mixture of any air bubbles, then poured into a silicon mold and
subjected to a cure cycle of 5 hr at 125°C and a post cure of 1 hr at 200°C.[11] The
following schematic displays the processing technique for the two different experimental
models:
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Figure 2.18. Processing scheme for MoS2-epoxy nanocomposites.
2.3.5 Nanocomposite Characterization
2.3.5.1 Dispersion Characterization
One of the most heavily utilized techniques to characterize the dispersion of
nanomaterials within a polymeric matrix is that of microscopy. Three different forms of
microscopy were implemented to fully characterize the dispersion of MoS2 within each
nanocomposite model system – atomic force microscopy (AFM), transmission electron
microscopy (TEM) and scanning electron microscopy (SEM).
2.3.5.1.1 Atomic Force Microscopy (AFM)
AFM measurements of the nanocomposite were conducted to characterize the
surface morphology of the two studied nanocomposites. Cross-sections were obtained by
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a laboratory grade rotary microtome equipped with a diamond knife (Leica Ultracut UCT)
at a thickness of 300 nm. The cross-sections were then epoxied to a silicon wafer for
analysis. AFM micrographs were obtained through the use of quantitative nanomechanical
mapping (QNM) in tapping mode on a Bruker Dimension Icon AFM equipped with Scan
Asyst. Standard AFM tips (TESPA, Bruker Corporation) were utilized for QNM analysis
that contained an aluminum coating, resonance frequency of 320 kHz and a spring constant
of 42 N/m. Lateral, height and modulus maps were collected from AFM square scans of
random areas of the cross-sections using the NanoScope Analysis software (Bruker
Corporation). Micrograph interpretation was conducted using the Nanoscope Analysis
software to report the distribution of lateral dimension, height and modulus of the detected
nanofiller.
2.3.5.1.2 Scanning Electron Microscopy (SEM)
SEM micrographs were captured on a Gemini SEM (Zeiss) at an electron voltage
of 10 kV and a working distance of 10 mm to observe both the relative macro-scale
dispersion of MoS2 within the matrix, and fracture pattern analysis. Samples were prepared
through a fracturing process using liquid nitrogen. Processed nanocomposites were
submerged in liquid nitrogen for ~5 min and fractured with a razor blade to obtain small
fractionated portions of the sample. Samples were then fixed to a standard SEM pin stub
mount (12.7 mm x 8 mm, Ted Pella) using carbon tape for analysis.
2.3.5.1.3 Transmission Electron Microscopy (TEM)
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TEM micrographs of the two different nanocomposite models were collected to
determine the relative degree of stacking of MoS2 layers when dispersed within the
composite matrix using an FEI Talos F200X TEM equipped with an energy-dispersive Xray spectrometer (EDS). Microtomed cross-sections (50 nm, Leica Ultracut UCT) of each
sample were prepared and subsequently fixed to 200-mesh copper TEM grids with a carbon
support film (Ted Pella). High resolution micrographs were collected under a 120 kV
electron beam voltage with a magnification of 300kX. EDS imaging overlay was also
performed to confirm the observation of few-to-mono layered MoS2 flakes observed within
the composite matrix.

2.3.5.2 Chemical Network Characterization
The formation of the chemical network structure within the nanocomposite matrix
was evaluated using mid-range infrared (MIR) spectroscopy to shed light on any
hindrances in the chemical network formation in the two different composite models and
control specimens.
2.3.5.2.1 Mid-Infrared (MIR) Spectroscopy
Fourier transform infrared (FT-IR) spectra of samples were collected on a Nicolet
6700 spectrophotometer utilizing an attenuated total reflectance (ATR) apparatus,
possessing a resolution of 4 cm-1 at 64 scans per measurement. Approximately 3 mm3
sections of the post-cured nanocomposites were sectioned at random for IR analysis. The
mid-infrared region (4000 cm-1 to 400 cm-1) was investigated within each sample. Each
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spectrum was normalized to 1508 cm-1, the vibrational band of aromatic C-C, to prevent
bias in the interpretation of the network formation.[56]
2.3.5.2.2 Cure Kinetics
To fully assess the composite matrix formation in-situ, a cure kinetics experiment
was devised to analyze both nanocomposite models and controls consisting of: neat epoxy,
ACN solvent, and NMP/H2O solvent composites.
2.3.5.2.2.1 Heating Stage Setup/Parameters
To fully assess the composite matrix formation in-situ, a cure kinetics experiment
was devised. To fully determine the effects of solvent quality and surface chemistry of
MoS2 has on the epoxy/amine chemistry, the following samples were studied: neat epoxy,
0.05 wt% MoS2-epoxy nanocomposites for both redox and probe-tip exfoliation methods,
an ACN control, and an NMP/H2O control. All samples were first processed as previously
described in section 2.3.4 – however, prior to subjecting the samples to the curing cycle, a
small smear of the polymer blend was deposited between two NaCl IR salt plates (SigmaAldrich). To prevent the slipping of the sandwiched plates, a small layer of tacky tape was
applied to the outer rings, to create a sealant for the sample to be analyzed. Samples were
then placed into a programmable heating stage (Instec HCS420) and mounted into the FTIR instrument. The following figure displays the setup:
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Figure 2.19. Programmable heating stage accessory and setup of prepared sample.
Each sample was analyzed in triplicate within the mid-infrared region of 4000 cm-1 to 400
cm-1 at a resolution of 4 cm-1 using the OMNIC software. The heating stage was
programmed to mimic the curing parameters as described in section 2.3.4 – this totaled to
400 scans per analysis (approximately 1 scan per min).
2.3.5.2.2.2 MATLAB Data Processing
To further assist in the data analysis and reduction of this cure kinetics study, a
MATLAB code was implemented to further depict the observable changes solvent quality
and surface chemistry of MoS2 has on the curing process of the composite matrix. The
spectral data was first imported into MATLAB as a .xlsx file. An automated baseline
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correction was then employed by approximating a linear fit over a spectral range where
there is theoretically no absorbance within the composite matrix (3424-4000 cm-1). From
this range, a linear equation was generated, followed by a baseline subtraction function
from the entire data set to obtain a baseline of zero. Upon the completion of the baseline
correction, a subsequent code was generated in order to monitor the degree of cure
throughout the scanning process. This was determined through the peak area integration of
the epoxide vibration mode within the FT-IR spectral scans (910 cm-1). A quantitative
degree of cure plot was then generated through the depletion of the epoxide peak (APOI)
over time in direct comparison with the area of the non-changing infrared reference C=C
aromatic peak (1597 cm-1) of the composite matrix (ARP). The relative degree of cure was
plotted with respect to scan number using the following equation:
𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝐶𝑢𝑟𝑒 = 1 −

𝐴WXK
𝐴YW

×100%

(1)

Using eqn. 1, data points were then generated into a separate .txt file regarding the relative
degree of cure at each scan of the analysis. Both the degree of cure and IR spectral figures
were generated using Origin 8 software. The following represents the MATLAB code used
for data analysis and reduction:
spectra = xlsread('Book1.xlsx');
x=spectra(:,1);
y=spectra(:,2:end);
xlin = x(3424:end);
ylin = y(3424:end,:);
[rows,columns]=size(y);
baselinecorrectedyvalues=zeros([rows columns]);
POIminWN=880;
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POImaxWN=972;
RPminWN=1587;
RPmaxWN=1624;
[c1,index1]=min(abs(x-POIminWN));
[c2,index2]=min(abs(x-POImaxWN));
[c3,index3]=min(abs(x-RPminWN));
[c4,index4]=min(abs(x-RPmaxWN));
for k = 1:columns % auto baseline correction
ylink=ylin(:,k);
slopeintercept = polyfit(xlin,ylink,1);
baselineyvalues =
slopeintercept(1)*x+slopeintercept(2);
baselinecorrectedyvalues(:,k) = y(:,k)baselineyvalues;
totalareaRP(k) =
trapz(x(index3:index4),baselinecorrectedyvalues(index3:in
dex4,k));
totalareaPOI(k) =
trapz(x(index1:index2),baselinecorrectedyvalues(index1:in
dex2,k));
totalmaxRP(k) =
max(baselinecorrectedyvalues(index3:index4,k));
totalmaxPOI(k) =
max(baselinecorrectedyvalues(index1:index2,k));
end
%% secondary baseline correction
for k = 1:columns % secondary baseline removal for
reference peak
yBL = (baselinecorrectedyvalues(:,k));
rpSI =
polyfit(x(index3:index4),yBL(index3:index4),1);
rpBL = rpSI(1)*x(index3:index4)+rpSI(2);
TcorrectedAreaRP(k) = trapz(x(index3:index4),rpBL);
end
for k = 1:columns % secondary baseline removal for peak
of interest
yBL = (baselinecorrectedyvalues(:,k));
poiSI =
polyfit(x(index1:index2),yBL(index1:index2),1);
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poiBL = poiSI(1)*x(index1:index2)+poiSI(2);
TcorrectedAreaPOI(k) =
trapz(x(index1:index2),poiBL);
end
areaRP = totalareaRP-TcorrectedAreaRP;
areaPOI = totalareaPOI-TcorrectedAreaPOI;
maxRP = totalmaxRP-totalmaxRP(end);
maxPOI = totalmaxPOI-totalmaxPOI(end);
for k = 1:columns % degree of cure solver
curePOIarea(k) = (1((areaPOI(k)/areaRP(k))/(areaPOI(1)/areaRP(1))))*100;
curePOImax(k) = (1-((maxPOI(k)/maxRP(k))
/(maxPOI(1)/maxRP(1))))*100;
end
%% Save and plot
fid1 = fopen('baselinecorrectedspectre.txt','w');
for k = 1:rows
fprintf(fid1,'%20.18f\t',baselinecorrectedyvalues(k,:
));
fprintf(fid1,'\n');
end
fclose(fid1);
fid2 = fopen('degreeofCure.txt','w');
fprintf(fid2,'%20.18f\t',curePOIarea);
fclose(fid2);
plot(x,y)
title('raw data')
xlabel('wavenumber')
figure
plot(x,baselinecorrectedyvalues)
title('baseline corrected data')
xlabel('wavenumber')
figure
plot(curePOIarea)
title('Degree Cure by Area')
ylabel('Percent Cure')
xlabel('Scan Number')
ylabel('Percent Cure')
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ylim([-10,110])
xlim([0,columns])
2.3.5.3 Thermo-Mechanical Properties
To further elucidate the effects of solvent and surface chemistry of MoS2 has on the
thermal and mechanical properties of the formed nanocomposites, three well established
instruments were employed for further characterization; thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA).
2.3.5.3.1 Thermogravimetric Analysis (TGA)
Thermogravimetric analysis has been proven to be a useful tool in the area of
composite materials concerning the point at which a sample begins to degrade.[57] Due to
the noncombustible reactions observed at the experimental cure cycle temperatures, a
nitrogen blank was not employed for this analysis. A TA instrument model Q500 TGA was
used for thermal degradation analysis, along with an aluminum pan to house the sample.
Sections of ~20 mg were cut from the processed bulk composites and heated from 30°C to
800°C at a rate of 10°C/min under an air flow rate of 20 mL/min. The degradation
temperatures reported within this study refer to the temperature at which the sample loses
5% of its total mass.
2.3.5.3.2 Differential Scanning Calorimetry (DSC)
The glass transition temperature (Tg) was obtained through differential scanning
calorimetry (DSC) analysis; the Tg in this work was reported as the point of inflection
within the step transition of the ramp. Samples of ~10 mg were sectioned for DSC analysis
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and hermetically sealed within an aluminum pan. The samples were heated from 25C to
325C at a rate of 5°C /min, followed by a subsequent cooling ramp of 325°C to 25°C at a
rate of 5°C /min. This heating/cooling cycle was then repeated once further. All samples
were analyzed using a TA instrument Q2500 DSC.
2.3.5.3.3 Dynamic Mechanical Analysis (DMA)
In order to assess the thermal properties of the studied composite materials under
mechanical stressors, dynamic mechanical analysis (DMA) was performed upon a TA
Q800 model in flexure mode. Prior to analysis, each sample was machined to dimensions
of 11.5 mm x 3.3 mm (width x thickness). Once the samples were all of uniform size, they
were loaded into a single cantilever fixture with a testing space of 17.5 mm. All specimens
were tested under a controlled strain amplitude of 0.08% and a frequency of 1 Hz. A
uniform temperature cycle was implemented for the testing of each sample, which first
involved an equilibration temperature of 70°C for 5 min; this was followed by a heating
ramp of 1°C /min to 250°C.
2.3.6 In-Situ Micro-Mechanical Testing Development
As previously discussed in chapter one, the community has been striving for solid
testing techniques in order to observe micro/nanoscale crack formation in composite
materials for years.[14] With the advancements in resolution of electron microscopes, it is
evident that these tools have the potential to shed light on these knowledge gaps. For this
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reason, a suite of micro-mechanical testing practices was developed to observe the micro
cracking of MoS2-epoxy nanocomposites in-situ using SEM.
In order to assist in the development of this novel mechanical testing process, a high
weight percentage of MoS2 was incorporated into the composite matrix (2.0 wt%) in order
to increase the likelihood of observing these nanomaterials at a moderately low beam
voltage. It is necessary for these types of studies to operate under a low-level electron beam
to avoid possible beam damage and electron charging to the matrix, causing residual stress
on the sample. The sample preparation first involved a microtoming process of the cured
nanocomposite, where ~500 nm thick cross-sections were obtained (Leica Ultracut UCT).
Following this process, a PELCO 100 mesh molybdenum TEM grid (Ted Pella) was
subjected to cutting with a razor blade in order to obtain structural support beams for the
cross-sectioned samples (Figure 2.20 B). The nanocomposite film was then epoxied to the
altered TEM grid for focused ion beam (FIB) manipulation. Samples were then inserted
into a FIB-SEM (Tescan LYRA3) to machine dog-bone like structures from the film using
a gallium (Ga) ion beam. The dimensions for each sample were machined uniformly to
have a gauge length of 75 µm; in addition, a circular opening was fabricated at the grip end
of the sample during this process to support the load bearing tungsten needing applying the
force during testing (Figure 2.20 C).
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100 μm
Figure 2.20. A) Schematic representing the desired dimensions of the FIB manipulated
sample. B) FIB micrograph of cross-sectioned sample layered upon an altered TEM grid,
along with an aerial view of the cross-section prior to FIB manipulation (bottom left). C)
The cross-sectioned nanocomposite post-FIB manipulation, along with an SEM
micrograph of the tungsten load bearing needle in place of the sample (bottom right).
Once the samples were successfully manipulated from FIB milling, they were
inserted into the micro-tensile tester (Micro Testing Solutions, LLC). The tensile tester was
equipped with a sample mount, a piezo needle and a 10 gram load cell (Figure 2.21). The
tensile testing apparatus containing the sample was then inserted into the SEM (Gemini,
Zeiss) for sample alignment. Tensile testing was then conducted under a constant
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displacement rate from the piezoelectric actuator at 20 nm/sec. Quasistatic loading was
implemented throughout the testing process; as incremental loading steps were applied, a
hold period was allotted for an image to be taken by the microscope. All images within the
scope were taken under an electron beam voltage of 2 kV with an imaging rate of 1 µm per
the displacement of the piezoelectric actuator. Tensile testing was continued until the
complete failure of the sample file was observed within the gauge region.

A.

B.

Sample
Mount

Load Cell

Piezo
Needle

Figure 2.21. A) Large scale view of micro-tensile testing apparatus. B) Zoomed in view
of the micro-tensile tester with appropriate labels for each component.
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2.4 RESULTS AND DISCUSSION
2.4.1 Degree of Exfoliation
Figure 2.16 and Figure 2.17 depict both of the exfoliation schemes utilized for
exfoliation of bulk layered MoS2. It should be noted that ACN was chosen as the solvent
system for redox exfoliation due to its lack of oxidative properties. Previous reports have
shown that the -CºN group is within the realm of oxidative states as several of its oxygen
containing counterparts, like the carboxylic acid functional group.[54, 58] This oxidative
property is in direct contrast to the alternate (probe-tip) exfoliation solvent system of NMP;
where oxidative fragmentation occurs when introduced to H2O.[55, 59]
2.4.1.1 UV-Vis Spectrophotometry
Initially, an optimization study was conducted to investigate the degree in which
H2O aided in the oxidation of NMP, and in turn, the exfoliation of MoS2. Previous work
has demonstrated the importance of solvent choice in liquid-phase exfoliation of
TMDs.[60-62] In order to successfully obtain mono-to-few layered MoS2 flakes in
solution, it is critical to use a solvent which closely matches the interfacial tension of the
solute (MoS2); NMP has demonstrated its applicability in this regard. In addition, it has
been determined that exfoliation yields increase with the formation of hydroperoxide
species within NMP under sonolytic processes.[55] To corroborate this practice, three
separate NMP vials were prepared to total 10 mL of solution, each of which containing
varying amounts of H2O (100, 500 and 1000 µL). After each vial was allowed to sit at
ambient conditions for 24 hr, a uniform quantity (100 mg) of MoS2 was added to each
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vial and subjected to probe-tip sonication, followed by a series of centrifugation steps to
(as described in 2.2.2.2). Each solution was then characterized using UV-Vis
spectrophotometry to assess both the concentration and extent of exfoliation within
solution.
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Figure 2.22. UV-Vis absorption spectra of varying H2O volumes in NMP to demonstrate
its effect on exfoliation yields. All solutions were diluted in within the matrix at 1000X
and normalized to 300 nm. Each spectrum represented has been subjected to y-offset for
illustrative purposes.
Previously, theoretical and experimental results have determined that certain
transition and shifts within the direct band gaps of the UV spectrum have had a strong
correlation to the degree of exfoliation within multi-layered TMDs.[63] For example, two
distinctive peaks at 660 (A exciton) and 613 nm (B exciton) are typical features of
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hexagonal symmetry space group of 2H-MoS2. These peaks are attributed to direct-gap
transitions at the K-point of the Brillouin zone between the maxima of split valence bands
and the minimum of the conduction band.[64] Here, the A-exciton transition at 670 nm
(1.85 eV)[28] was analyzed to qualitatively determine the progression of exfoliation with
the addition of H2O to NMP. Upon further inspection of the absorption spectra displayed
in Figure 2.22, it is apparent that increasing volumes of H2O within the solvent system
correlate to an increased yield in exfoliation of MoS2. Upon directly stacking the spectra
for the 500 and 1000 µL H2O additions, it was noted that the A-exciton transition band
intensity increase was minimal, thus confirming the maximum formation of hydroperoxide
species within the solvent system.
Another feature that is of great analytical importance within the absorption spectra
of exfoliated MoS2 solutions is the local minima at 345 nm. Previous work has
demonstrated the direct agreement between this minimum and the previously mentions Aexciton transition band in regard to layer dimensionality. The absorbance at this particular
wavelength (345 nm) is also an indicator of solution concentration.[65] This is because its
absorbance is independent of nanosheets thickness and length, hence there is no
contribution from scattering.[63] From this local minima, concentration (c) can easily be
determined by obtaining the relative absorbance (A) and extinction coefficient (e, 69 mL
mg-1 cm-1)[54] of the suspension using Beer’s law as represented by the following equation:
𝐴 = 𝜀𝑏𝑐

112

(2)

From the data presented within this study, it was also determined that the increased
additions of H2O within the solvent system yielded higher concentrations of MoS2
suspensions following the processing steps. As discussed previously, the increased yield in
both exfoliation and concentration are believed to be due to the increased formation of
hydroperoxide species within the solvent system – thus disrupting the weak van der Waals
attractive forces between layers.
Similar steps were taken in order to characterize both the concentration and degree
of exfoliation within the redox exfoliated suspension. In contrast to the probe-tip
exfoliation samples, the surface chemistry of the MoS2 was altered in the processing steps
due to the adhesion of the POM species to disrupt the van der Waals forces between layers.
To compare the two differing methods of exfoliation, their respective UV absorption
spectra were obtained:
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Figure 2.23. UV-Vis absorption spectra of redox exfoliated and probe-tip exfoliated (1000
µL of H2O) solutions post-processing. All solutions were diluted in within the matrix at
1000X and normalized to 300 nm. Each spectrum represented has been subjected to yoffset for illustrative purposes.
As displayed in Figure 2.23, there are observable differences between the A-exciton band
at 670 nm between the two exfoliated solutions. Due to the extreme intensity differences
between the exciton band, it was determined that the probe-tip sonication had a larger
impact on the exfoliation of MoS2 than that of the redox method. Furthermore, the
absorption spectra also revealed that the probe-tip sonicated samples possessed a higher
concentration of mono-to-few layered suspensions, due to the larger absorbance values
present at 345 nm.
2.4.1.2 TEM
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While UV-Vis allows for quick assessment of concentration and exfoliation of
MoS2 suspensions, TEM allows for the ultimate confirmation of mono-to-few layered
flakes within solution. A full assessment of each exfoliation method was analyzed with
high-resolution TEM. Often times, it is useful to analyze nanomaterials using high-angle
annular dark field (HAADF) microscopy; it is particularly of interest for this study as it
can provide a better view of the material’s translucency. Layered nanomaterials in their
bulk form possess little-to-no transparency under an electron beam; however, as the bulk
material becomes more delaminated, it displays signs of translucency within the
microscope. The following figure displays the observations obtained for each method of
exfoliation:

A.

B.

100 nm

Figure 2.24. Representative TEM micrographs of drop-casted MoS2 exfoliated solutions.
A) Redox exfoliated suspension in HAADF view; inset is a representative EDS image
confirming the presence of MoS2. B) Probe-tip exfoliated suspension.
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From the representative images displayed in Figure 2.24, it was confirmed that the probetip processed MoS2 suspensions were exfoliated to a higher degree than to its redox
counterpart. It can be observed in image A within Figure 2.24 that some of the present
flakes have no transparency whatsoever under the electron beam, whereas image B displays
complete translucency, with some of the observed flakes being almost completely
transparent. It was also noted that the probe-tip processed suspensions yielded layers that
were ultimately smaller in lateral dimension than that of the redox processed samples. This
could be due to the fact that probe-tip exfoliation is a mechanical form of delamination and
ultimately fractionates the monolayers under sonic force. Ultimately, both forms of
exfoliation appeared to be efficient in demonstrating their ability to transform bulk MoS2
(hundreds of layers) into a mono-to-few layered nanomaterial (1-7 layers).
2.4.2 Dispersive Properties
A vital part of composite characterization lies within the detailed analysis of the
total dispersion of the nanomaterial within the matrix. It was determined that two
successful procedures were executed to exfoliate bulk MoS2 within two organic solvents
systems (section 2.4.1); however, further analyses are required after the filler has been
incorporated into the polymeric matrix. To detail this level of dispersion within the
composite post-processing, three different forms of microscopy were implemented.
2.4.2.1 AFM
AFM micrographs of both nanocomposite models were obtained in order to assess
the lateral dimensions of the MoS2 nanomaterial after being subjected to the
116

aforementioned cure cycle within the composite matrix. In addition, AFM micrographs
were telling of the relative stacking of MoS2 layers within the sample – as this AFM model
possessed a height mapping resolution of 0.5 nm. In unison, modulus maps were collected
upon each specimen to confirm the presence of metallic nanomaterials. Modulus readings
for metal-based nanoparticles have been known to possess much higher values than their
organic polymer counterparts.[66] Previous studies conducting analysis on epoxy
nanocomposites using AFM modulus mapping have reported values of ~3.5 GPa for this
polymeric matrix, providing a good baseline of knowledge for this study.[67]
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Figure 2.25. Representative AFM micrographs of MoS2 epoxy nanocomposites. A) Redox
exfoliated sample height mapping profile. B) Corresponding redox exfoliated sample
modulus mapping profile. C) Probe-tip exfoliated sample height mapping profile. D)
Corresponding probe-tip exfoliated modulus mapping profile.
Height mapping from both nanocomposite models suggests relatively similar
values in height maxima of 6.7 and 6.2 nm. This information can be further extrapolated
in the determination of equivalent formed layers of MoS2 within the composite matrix,
post-processing. Previous results have determined that an individual layer of MoS2 alone
possesses a height of 1 nm through similar experimental proceedings [68], as well as the
correlation to theoretical findings.[69] From the work presented here, this yields a
formation of ~6-7 layers within the composite matrix for both experimental models.
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Correlating these results back to what was obtained from TEM micrographs of the
exfoliated MoS2 suspensions within their respective solvent systems, it can be concluded
that restacking of monolayers is likely to occur within both systems upon incorporation of
the viscous epoxy polymer. Furthermore, noticeable differences were observed within the
modulus readings between the two nanocomposite models. Within the modulus mapping,
it was concluded that there was a 65% difference in the maxima between the two systems.
This could possibly be attributed to the fact that more layers were formed within the redox
exfoliated nanocomposite (based off of the height map maxima), thus increasing the overall
modulus recorded from the QNM tapping analysis. It could also be speculated that the
alterations within the surface chemistry of MoS2 sheets impacted these results. By
employing the redox exfoliation technique, POM species are subjected to adhere to the
surface of the flakes, which could potentially modify the modulus of the nanomaterial
itself. However, similarities were observed in the modulus mapping for the composite
matrix within both sample sets – both displaying moduli of 3.2±0.1 GPa.
In addition to the determination of MoS2 height and modulus within the epoxy
composite matrix, a size distribution analysis was conducted regarding the lateral
dimensions of flake sizes post processing. By compiling the data from all AFM
micrographs using the height mapping and modulus readings, size histograms were
generated to shed light on the statistics regarding relative flake sizes to make up each
sample.
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A.

B.

Figure 2.26. Lateral dimension size histograms collected from AFM micrographs. A)
Redox exfoliation method (N=284). B) Probe-tip exfoliation method (N=284).
The data presented within Figure 2.26 suggests that probe-tip exfoliation of MoS2 results
in much smaller particle sizes, with an average lateral dimension of 109.74±53.34 nm with
a minimum value of 9.57 nm. This was expected due to the mechanical obliteration of the
bulk MoS2 within the exfoliating process of sonication and suggests the main mechanism
behind the exfoliation process for this technique is attributed to the sonic force, rather than
the generation of the hydroperoxide species within the solvent system. In contrast, the
redox exfoliation procedure yielded larger particle sizes, with an averaged lateral
dimension of 135.68±72.92 nm with a minimum value of 43.92 nm. Due to the large
deviations within this data set, it can be concluded that the generation of particle size is
rather inconsistent in processing these two forms of nanocomposites, attributing to the
difficulty of accurate computational modeling systems regarding nanoscale failure for
these types of structural composites.
2.4.2.2 SEM
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To gauge the level of dispersion of MoS2 within the studied nanocomposite models
at a larger scale, SEM micrographs were collected to obtain information regarding the total
distance between particles within the composite matrix. The processing of each
nanocomposite was identical between both models; therefore, it was hypothesized that the
relative particle distance within the matrix would be similar in both systems.
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Figure 2.27. Representative SEM micrograph of MoS2-epoxy nanocomposite for particle
distribution analysis (top left) along with statistical analysis regarding the relative distance
between observed particles (N=100 each) within the composite matrix (bottom left).
Confirmative micrographs of MoS2 using chemical mapping and two scatter detectors,
scale bar = 4 µm (right).
This hypothesis was proven to be true upon completion of the statistical analysis regarding
the relative distance between particles within the matrix. As displayed in Figure 2.27, both
systems possessed similar dispersive characteristics from the SEM micrographs. Similar
particle distances, along with low standard deviations validates the method which was used
to disperse the nanomaterial within the matrix. As displayed in the figure above, the
detector used to display images from the secondary electrons show much more detail within
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the organic polymeric matrix, whereas the images displayed from the backscattered
electrons show a higher resolution for the inorganic filler. In addition, chemical mapping
was conducted using SEM-EDS to confirm the assumed species were in fact MoS2.
2.4.2.3 TEM
In addition to evaluating the dispersion of MoS2 in regard to particle distance
within the matrix, it was also of interest to investigate the extent of exfoliation the
nanomaterial withheld post-processing. This question was also addressed in section
2.4.2.1, however, AFM can only yield approximations of the number of layers being
formed within the composite matrix. High-resolution TEM can provide confirmative
visual information regarding the stacking mechanism of MoS2 once it has been dispersed
within epoxy. The following figure demonstrates these findings:

A

B

D
Exfoliated MoS2

Interphase

Epoxy Matrix

C

Epoxy Matrix

Figure 2.28. Representative high-resolution TEM micrographs of MoS2 epoxy composites.
A) Large field of view redox exfoliated (scale bar = 50 nm) B,C) Zoomed in redox
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exfoliated portion demonstrating individual layers of MoS2 (scale bar = 10 nm) D) Zoomed
in probe-tip exfoliated portion demonstrating individual layers of MoS2 (scale bar = 5 nm).
TEM results confirm the presence of few layered MoS2 flakes dispersed throughout the
matrix. These results correlate well with what was determined from the AFM height
mapping analysis; it was approximated that 6-7 layers were observed within this work for
both nanocomposite models. It was observed within the TEM micrographs that a wide
range of MoS2 layers were formed within the composite matrix, post-processing. While
Figure 2.28 displays 3-5 layer formations, it was also observed that some cross-sections
possessed stacks of 15-20 layers. Tracing these findings back to the observations
collected from TEM when the MoS2 fillers were within their respective solvent system
suspensions, it would appear that the slight agglomeration of the filler would be attributed
by the composite matrix itself. While epoxy polymers themselves have unique structural
and thermal properties themselves, their high viscosity proves to demonstrate issues with
maintaining mono-layered nanomaterials upon crosslinking. Due to similar observations
being made under both nanocomposite models, the altered surface chemistry in the redox
exfoliated MoS2 was not suspected to be the cause of the inherent stacking of layers
within the composite matrix.
2.4.3 Chemical Network Formation
A vital step in composite characterization lies within the evaluation of its chemical
properties – most importantly, the formation of the structural network. As discussed prior,
the formation of an epoxy composite is reliant upon the crosslinking mechanism between
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the epoxy polymer and the crosslinking agent, 3,3’-DDS in this case. Vibrational
spectroscopy has been known to shed light on the formation of composite matrices; for this
reason, MIR was implanted to assess the structural formation of the studied MoS2-epoxy
composites. As a control, steps were taken to process an epoxy composite with no added
solvent or nanomaterial within its matrix. The following displays a representative spectrum
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Figure 2.29. Averaged (N=5) spectrum of an epoxy composite after its respective curing
cycle, normalized to 1508 cm-1.
As displayed above, there are several vibrational bands corresponding to functional groups
of interest to suggest the extent of the chemical network formation of the composite
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material. To better understand the extent of this chemical reaction, these vibrational modes
must first be assigned to their appropriate functional groups, as detailed below.
Table 2.1. Tentative vibrational band assignments for the studied epoxy composites in
comparison to literature values.[56]
Experimental Bands (cm-1)
774

Literature Bands (cm-1)
772

915

915

1037
1494
1507

1036
1495
1509

1598

1608

2872

2873-2965

2929

2873-2965

2967

2873-2965

3413
3494

3200-3500
3200-3500

Tentative Assignment
CH2 rocking
Stretching of C-O of
epoxide group
Stretching C-O-C of ethers
N-H bend
Stretching C-C of aromatic
Stretching of C=C
aromatic rings
C-H of CH2 and CH
aromatics and aliphatic
C-H of CH2 and CH
aromatics and aliphatic
C-H of CH2 and CH
aromatics and aliphatic
O-H stretching
O-H stretching

2.4.3.1 Solvent Effect of Network Formation
To investigate the extent solvent had on the network structure formation, a
controlled experiment was devised in which two nanocomposites (redox exfoliated), both
at 0.05 wt% of MoS2 containing excess volume of solvent (2 mL) and a reduced volume
of solvent (115 µL) were both processed under the same curing conditions and monitored
using mid-range FT-IR. In addition, a solvent control composite was prepared where an
equal volume of solvent (2 mL ACN) was introduced to the epoxy matrix as within the
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excess solvent composite containing MoS2. One of the more telling vibrational bands
indicative of network formation is the N-H band at 1494 cm-1. As more crosslinking of the
epoxy polymers is initiated, a lack of signal should be observed within this peak. This effect
is observed by the following zoomed in spectral fingerprint of the studied composite
systems:
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Figure 2.30. Narrowed spectral profile of the bulk composite systems post-cure. Each
spectrum displayed are a resulted from an average (N=15) scan of different spots within
the composite.
The N-H band observed at 1494 cm-1 is often times overlooked within composite spectral
profiles due to its appearance as a shoulder peak being dwarfed by the C-C aromatic
stretching observed at 1507 cm-1. Results showed that there was evidence of hindrance in
the crosslinking mechanism within the excess solvent and solvent control composites. The
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prominence of the N-H bend in both of these systems are directly overlapping with one
another in their spectral profiles, giving reason to believe that the ACN solvent causes the
incomplete reaction to occur. To further evaluate this speculation, a cure kinetic study was
executed.
2.4.3.2 In-Situ Cure Kinetics
As detailed prior, smears of five different composite systems were subjected to a
cure kinetics study using a programmable heating stage and FT-IR instrumentation. Studies
of this magnitude at of the utmost importance in determining possible solvent effects on
the formation of the structural chemical network. Figure 2.31 displays all of the results that
were collected from this kinetics study. It was observed that the findings detailed in 2.4.3.1
were in fact valid, as both sample containing ACN yielded an incomplete reaction within
the cure cycle due to a lack of depletion within the epoxide peak at 915 cm-1. Furthermore,
there were slight variations observed between the ACN solvent control and its redox
exfoliated MoS2 composite counterpart. Results from this study concluded that the MoS2
containing sample possessed a lesser degree of cure by 4%; at the completion of the cure
cycle (scan 400) the redox exfoliated sample had only reached a 90% cure, while the
solvent control yielded a 94% degree of cure. These results suggest that while ACN does
in fact hinder the epoxy crosslinking process, the surface functionality of the redox
exfoliated MoS2 also has its own mechanism of inhibiting this important chemical reaction.
In addition, it was determined that the neat epoxy composite sample itself was not
taken to the full extent of its curing process, as a 96% degree of cure was achieved. This
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experimental value is in good agreement with previously reported conversion values for
this system (97%); however this is to be expected, as obtaining an epoxy crosslinking
percentage of 100% is difficult to achieve unless a catalyst is utilized.[11] Further
inspection of these results regarding the composite models containing the NMP/H2O
solvent system proved to enhance the rate at which crosslinking occurred. The probe-tip
exfoliated composite model achieved a 100% cure by scan 195 (~3 hr 15 min into cure
cycle) within the run, while the NMP/H2O solvent control composite obtained 100% cure
by scan 340 (~1 hr 40 min into cure cycle) within the run. These findings suggest that the
NMP/H2O solvent system acts as a catalyst for the epoxy/amine crosslinking reaction.
Previous studies regarding this phenomenon have shown that the tertiary amine functional
group acts as a catalyst for the crosslinking of epoxy polymers.[70] Further evaluation of
this claim should be made using a similar experimental setup within the near infrared (NIR)
region, as more telling vibrational overtone bands relevant to this reaction occur in this
area of the infrared spectrum.[71]
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Figure 2.31. A comparative evaluation of the reacted epoxy percentage throughout the
progression of cure time for A) the probe-tip exfoliated system, and B) the redox
exfoliated system.
Catalysis of this crosslink reaction is of great interest regarding the formation of
the chemical network structure, however, due with the cure cycle going beyond the optimal
epoxy conversion (over 100%), the material becomes subjected to over curing. Previous
findings have suggested that materials (primarily epoxy) cured beyond their ideal
conversion percentage can alter the microstructure significantly.[72] Findings from this
study also raise a question as to the true mechanism occurring within the crosslinking
process. As described in section 2.3.2.2, surface oxidation of MoS2 takes place within the
probe-tip exfoliated system. Based off of the experimental data presented within this study,
it is possible that these oxide formations on the S voids of MoS2 act as a possible functional
group for epoxy to react with. In addition, changes such as these raise some issues of
concern, as composite materials’ uniformity in microstructure is vital for structural
mechanical properties and the accuracy of computational modeling. Samples subjected to
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over curing run the risk of developing areas within the material that possess a much lower
crosslink density, thus degrading the mechanical properties. To elucidate more on this
concept, the bulk scale thermal and mechanical properties of each composite material was
investigated.
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Figure 2.32. Results from MIR cure kinetics study. A) Neat epoxy composite spectral profile post MATLAB corrected. B) Neat
epoxy composite degree of cure. C) Probe-tip exfoliated MoS2 composite spectral profile post MATLAB corrected. D) Probetip exfoliated MoS2 composite degree of cure. E) Redox exfoliated MoS2 composite spectral profile post MATLAB corrected.
F) Redox exfoliated degree of cure. G) NMP/H2O solvent control composite spectral profile post MATLAB corrected. F)
NMP/H2O solvent control composite degree of cure. I) ACN solvent control composite spectral profile post MATLAB corrected.
J) ACN solvent control composite degree of cure.

Figure 2.32. Results from MIR
cure kinetics study. A) Neat epoxy
composite spectral profile post
MATLAB corrected. B) Neat epoxy
composite degree of cure. C) Probetip exfoliated MoS2 composite
spectral profile post MATLAB
corrected. D) Probe-tip exfoliated
MoS2 composite degree of cure. E)
Redox exfoliated MoS2 composite
spectral profile post MATLAB
corrected. F) Redox exfoliated
degree of cure. G) NMP/H2O
solvent control composite spectral
profile post MATLAB corrected. F)
NMP/H2O solvent control
composite degree of cure. I) ACN
solvent control composite spectral
profile post MATLAB corrected. J)
ACN solvent control composite
degree of cure.
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2.4.4 Thermo-Mechanical Properties
2.4.4.1 TGA
In order to investigate one of the more important variables in thermal property
characterization, thermal degradation, TGA was performed to determine the temperature
in which each of the studied composite materials began to degrade. In addition, TGA was
proven to be a useful tool in evaluating the total thermal stability of each sample, providing
information regarding the percentage of weight remaining after being subjected to high
temperature values. The following figure displays the results obtained from TGA analysis:
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Figure 2.33. TGA thermograms for the studied composites (left) displaying weight
percentage in relation to increase in temperature. First derivative weight loss (left) analysis
in relation to increase in temperature.
Results from this form of thermal characterization suggest that neither from of
exfoliated MoS2 improve the thermal stability of the composite material. Upon
consideration of the thermal degradation temperature (at 5% weight loss), it was observed
that the neat epoxy composite possessed the most thermal stability along with the ACN
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solvent control – both of these samples maintained their 95% original sample weight by
389˚C. Slight differences were observed in the total thermal stability of these composites
at the end of the temperature gradient at 800˚C, as the neat epoxy and ACN control samples
maintained a total weight percentage of 14% and 12%, respectively. These results also
portray that the alteration in the surface functionality of MoS2 could very well play a role
in the thermal properties of the composite material. This can be shown by the differences
between the ACN control sample and the redox exfoliated MoS2 composite, where their
thermal degradation temperatures were found to be 389˚C and 383˚C, respectively.
Interestingly, the results obtained from the probe-tip exfoliated MoS2 composite sample in
which the surface chemistry of the nanomaterial was not altered, possessed the same
thermal degradation temperature as its solvent system control sample (NMP/H2O) of
379˚C. These results suggest that the surface functionality of the MoS2 obtained from redox
exfoliation attributes to the decay of the thermal properties within the composite system.
In addition, it was also determined from these results that the solvent system of NMP/H2O
was also hindering to possible improvements in the thermal stability of these materials.
2.4.4.2 DSC
Results from the DSC thermograms yielded information regarding the glass
transition temperature of the studied composites. The Tg of any given material, particularly
epoxy composites, is one of the most important thermal properties as it provides insight as
to when the material transitions from a hard, glassy material into a rubbery viscous state.
The following displays the results obtained from DSC analysis:
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Figure 2.34. DSC thermograms for the studied composites displaying relative heat flow
versus temperature. The Tg was taken to be at the heat flow step down within the
temperature gradient. Thermograms were subjected to y-offsetting for visual
representation.
As displayed above, several differences were observed regarding the Tg of each sample.
Of the studied composites, the ACN control possessed the highest Tg at 173.97˚C; this
follows what was observed from the TGA analysis, as the ACN control also had the
highest degradation temperature in addition to the neat epoxy sample. Following the
ACN control, the redox exfoliated MoS2 composite possessed a Tg of 171.16˚. In contrast
to the data presented from the TGA, it appears that the altered surface chemistry of the
redox exfoliated MoS2 improved the thermal properties when comparing it to the
observed Tg of the neat epoxy sample of 161.62˚C. Similarly, the probe-tip exfoliated
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MoS2 sample and its NMP/H2O solvent control displayed signs of diminishing the
thermal properties of the composite matrix, possessing Tg values of 154.53˚C and
146.91˚C, respectively.
2.4.4.3 DMA
In addition to TGA and DSC, DMA was utilized to fully assess not only the thermal
properties of the studied composite materials, but the mechanical properties as well. DMA
is a useful tool that allows for the simultaneous collection of the storage modulus (E’), loss
modulus (E”) and tan 𝛿 of different materials as they are subjected to a temperature
gradient. While the storage modulus and the loss modulus are more telling of the
mechanical properties of the material in question, the tan 𝛿 is useful in obtaining the Tg of
composite materials through a mathematical ratio of the two aforementioned mechanical
values.
𝑡𝑎𝑛 𝛿 =

𝐸"
𝐸′

(3)

The following figure displays the results obtained from DMA analysis:
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Figure 2.35. Results from DMA analysis on the studied composite materials. A) Storage
modulus thermograms. B) Loss modulus thermograms. C) Tan 𝛿 thermograms.
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Comparable trends were observed within the DMA analysis to what was concluded from
TGA and DSC. The redox exfoliated MoS2 sample possessed the highest Tg value of
183.21°C, when considering all of the investigated composites. The ACN solvent control
and neat epoxy sample possessed relatively similar Tg values of 178.18°C and 179.18°C,
respectively. These results suggest the thermal benefits to incorporating MoS2 into the
epoxy composite matrix using the redox exfoliation method. In addition, both the probetip exfoliated MoS2 sample and its NMP-H2O solvent control continued to display lowered
Tg values of 159.63°C and 136.53°C, respectively. The Tg values obtained from DMA were
noticeably much higher than their respective Tg values resulting from DSC, with the
exception of the NMP-H2O control sample. As DMA analyses consider a much larger
portion of the bulk composite material than DSC, these values are taken to be a more
accurate representation of the thermal properties of composite materials.
While the redox exfoliated MoS2 composite retained enhanced thermal properties,
it was observed within the storage modulus and loss modulus thermograms that the
mechanical properties for this sample were lacking in comparison to the other models.
Throughout the duration of the analysis, the redox exfoliated sample continued to possess
the lowest storage modulus values and the second to lowest loss modulus values. Results
such as these suggest that while redox exfoliated MoS2 may serve a purpose in enhancing
the thermal properties of a composite, it may also diminish its mechanical properties. These
degraded mechanical properties are believed to be due to the altered surface chemistry of
the MoS2 filler due to the fact that the ACN solvent control, its opposing probe-tip
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exfoliated sample and the NMP-H2O solvent control sample all possessed higher moduli
when compared to the neat epoxy sample. Further attribution can be made to the hindrance
solvent systems play on the thermal properties of epoxy nanocomposites. To elucidate upon
this claim, DMA analysis was conducted upon a 0.05 wt% MoS2-epoxy nanocomposites
containing non-exfoliated MoS2 with no solvent to obtain information about the effect
MoS2 has as a filler within the composite system.
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Figure 2.36. The tan 𝛿 thermogram of an MoS2-epoxy nanocomposite containing 0.05
wt% of Mo2 that was non-exfoliated and contained no solvent.
Figure 2.35 displays the tan δ results showing how MoS2 alone attributes to the thermal
property improvements of epoxy composite materials. By incorporating bulk MoS2 into
the epoxy matrix, a Tg of 183.11°C was obtained. This information alone allows for the
conclusion that MoS2 provides a drastic improvement in the thermal properties of epoxy.
While it is apparent that MoS2 allows for the improvement in thermal properties from the
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incorporation of bulk nanomaterial alone, it leads to the question as to whether this material
indeed acts as a chemical crosslinking for the epoxy polymer chains as well.
2.4.5 In-Situ Tensile Testing
In addition to the processing and characterization of two different MoS2 epoxy
nanocomposite models, a technique to analyze the mechanical properties of epoxy
composites at the micro-scale was developed using tensile straining. For the sake the
developmental purposes, and to increase the likelihood of observing large portions of MoS2
under the electron microscope, a 2.0 wt% MoS2-epoxy composite was processed utilizing
the redox exfoliation method. The following figure displays the results obtained from
micro-mechanical testing:
a

c

e

b
25 μm
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Figure 2.37. Results obtained from the micro-mechanical testing of a 2.0 wt% redox
exfoliated MoS2-epoxy composite. The left displays SEM micrographs through the
progression of the tensile load application. A) Prior to tensile strain. B) Initial micro-crack
during tensile strain. C) Progression of micro-cracking as tensile strain progresses. D) Total
composite failure. E) Stress/strain plot representing the mechanical properties of the
studied composite under micro-tensile testing. The lettered markings within the plot
correspond to the images on the left of the figure.
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The figure above displays the successful completion of the micro-tensile test of the studied
composite to complete failure. It was observed that the tensile testing methodology itself
was experimentally sound. As SEM micrographs were collected upon every 1 µm of
displacement of the piezoelectric needle applying the strain, further micro-cracking was
seen within the composite. In correlation, to these micro-cracks it was portrayed by the
data that the stress response by the material gave way slightly as failure continued.
Furthermore, it was speculated what attributed to the observed mechanical properties from
this form of testing. Results showed a modulus of 975.56 MPa; which equates to roughly
1 GPa. One main issue of concern is the known modulus value of bulk epoxy composite
materials of ~3.5 GPa.[11] As the responsive data reflects that the actual testing process is
accurate in its readings, this brings question to whether the fashion in which the sample is
prepared is adequate to draw conclusions regarding the true micro-mechanical properties
of the material. For instance, it is unknown if this low modulus response is due to the high
weight percentage loading of MoS2 within the composite matrix and possibly accumulating
agglomerates and degrading the mechanical properties. Another route of degraded
mechanical properties could be due to the FIB milling process which was implemented to
prepare the dog-bone shaped sample from the composite film. To further investigate these
probable flaws, a post-fracture analysis was conducted upon the composite film using
SEM.
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Figure 2.38. SEM micrographs of the 2.0 wt% MoS2-epoxy composite after the completion
of the micro-tensile testing. A) Micro-crack from region of interest. B) Zoomed in portion
of A. C) further micro-cracking from region of interest. D) Zoomed in portion of C.
From the post-fracture analysis, it was observed that the micro-cracking occurred
within regions of the composite material that possessed a large accumulation of MoS2
particles. It was also observed within Figure 2.36 B that one of the cracks within the film
propagated directly through the MoS2 platelet. Due to the volume in which the MoS2
occupied within the epoxy matrix, it is speculated as to whether the flakes maintained their
few-to-mono layered status. In this regard, it is possible that the low mechanical response
to the micro-tensile testing occurred from the large agglomeration of MoS2; however,
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damage from the Ga ion beam from the FIB could have played just as big of a role in
hindering the reliable collection of data from this sample.
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2.5 CONCLUSIONS AND RECOMMEDATIONS
In summary, the work presented within displays of vast amount of information
regarding the nanoscale toughening mechanism of MoS2-epoxy nanocomposites. It was
demonstrated that bulk MoS2 can be subjected to delamination to obtain few-to-mono
layered particles within different solvent systems. In addition, these varying exfoliation
techniques were shown to have differing effects on the surface chemistry of the
nanomaterial upon completion of processing. Results concluded that mechanical
exfoliation through probe-tip sonication lead to a higher degree of few-layered MoS2
particles, in addition to a higher concentration yield. Furthermore, this technique
demonstrates the ability to achieve exfoliated MoS2 without modifying the surface
chemistry.
Additionally, an optimal processing technique was developed in order to fully disperse
MoS2 within an epoxy composite matrix. In this regard, it was determined that several
factors must be taken into consideration when evaluating the chemical properties of the
composite systems; including solvent effects, surface chemistry of the nanofiller, and cure
times. Through the findings from the systematic cure kinetics study, it was determined that
the NMP/H2O solvent system initiates a faster rate of crosslinking between the epoxy
monomers due to the presence of the tertiary amine group within its chemical structure.
With the enhanced crosslink rate provided by this solvent system, it is possible that the
composite material was subjected to over curing, potentially leading to soft regions within
the matrix and low crosslink density, ultimately resulting in diminished thermal properties.
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Comparatively speaking the MoS2-epoxy composite made up of the redox exfoliated MoS2
within the ACN solvent system demonstrated an incomplete reaction within the cure
kinetics study, suggesting hindrance from the incorporation of the nanofiller. While this
composite model demonstrated incomplete crosslinking within the curing process, it
displayed promising applications in regard to the improvement the thermal properties,
exhibiting improved Tg values in both DSC and DMA measurements.
Along with the successful processing and characterization of the two differing
composite models, a method was also developed for the observation of nanoscale failure
mechanics using micro-tensile testing and SEM upon a high weight percentage MoS2epoxy composite film. It was observed that effective data collection was able to be obtained
upon individual micro-failures within the composite film up until the complete failure of
the film. Stress/strain data provided from this testing revealed noticeably low modulus
response from the composite film. Possible sources of this response could be due to beam
contamination from the FIB machining process or high weight percentage loading of MoS2
causing agglomerates to be formed within the matrix.
Future work being done in this field should consider everything that was learned
from within. It would be beneficial to isolate the enhanced properties from each composite
model studied. As it was observed, the NMP/H2O solvent acted as a catalyst for the
crosslinking reaction; therefore, it would be of interest to conduct a parameterization study
regarding the cure settings of this system to achieve a complete reaction without subjecting
the material to over cure and test to see how this whether the thermal and mechanical
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properties of the sample would improve. In similar fashion, it would be of use to target the
enhanced thermal properties observed from the redox exfoliated MoS2 system; results from
this work suggest that the surface functionality that was introduced to the nanomaterial
could have attributed to this improvement. While considering all future recommendations
for this type of work, it would also be beneficial to analyze these two composite models in
parallel with higher weight percentages of MoS2 dispersed within the epoxy matrix.
It was discerned from the in-situ micro-tensile testing that micro-failures were initiated
within regions of the composite film that possessed larger agglomerations of MoS2; to
optimize these results, it would be favorable to apply this testing method to lower weight
percentage composite materials. In addition, improvements could potentially be made
within the sample preparation for this form of tensile testing. As eluded prior, FIB milling
is the result of precise dimensions being formed form a penetrative Ga ion beam, which
could potentially degrade the mechanical properties of the film sample before testing. It
would be beneficial to explore routes that avoid this type of beam damage; such as micromachining dog bone-like shapes from the bulk composite material, followed by
microtoming cross sections for sample analysis.
Further experimental efforts in this regard could be made involving the interphase
characterization between the inorganic dispersant and the organic polymer matrix. This
form of characterization is lacking from all sides of the material science community. In
order to assess the detailed local surface chemistry at the surface between the polymer
matrix and the filler, certain tools such as AFM-IR can be implemented. Information from
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this type of study could indefinitely shed light on all of the questions that are posed within
regarding whether the surface chemistry alteration of MoS2 is beneficial or detrimental to
the chemical, thermal and mechanical properties of the composite material.
Finally, this systematic investigation provides a vast array of analytical techniques
that provide an in-depth look regarding the improvement of chemical, thermal and
mechanical properties of MoS2-epoxy composites. From the suite of techniques presented
within this work, similar practices can be followed to further our understanding of the
unique chemical aspects that come along with nanoscale toughening in similar forms of
hybrid composite materials.
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3.1 ABSTRACT
Silver nanoparticles (AgNPs) have unique physical, chemical and antibacterial
properties, which have led to a wide variety of industrial and medical applications. This
study investigated the toxicity, and distribution of positively charged, cetyltrimethyl
ammonium bromide (CTAB)-capped AgNPs in comparison to their Ag+ ionic form within
the liver, spleen, digestive gland, brain and bone tissues of female Sprague-Dawley rats.
The following exposures were administered daily through water intake for an 18-day
period: AgNPs+ (40 µg mL-1), Ag+ (40 µg mL-1), CTAB (24 µg mL-1), and tap water
vehicle. Gross observations suggest that the oral administration of AgNPs had an adverse
effect on the health and systematic functions (lethargy and alopecia) of Sprague-Dawley
rats. At the termination of the experiment, the rats were euthanized and tissues of interests
were collected for further analysis; significant time differences in the completion of
euthanasia were observed between exposure groups. Rats in the AgNP exposure group had
visible hepatomegaly and splenomegaly, showed signs of osteoporosis, and exhibited
fragile veins that bursted upon blood collection pre-mortem. Hematological analysis
indicated that the AgNP-exposure led to the highest number of lymphocytes (9.0% more),
lymphocytosis, and a significantly lower amount of neutrophils (6.0% less) and monocytes
(1.4% less) when compared to the controls (86.2, 9.37, and 2.30 cells of each type per 100
red blood cells, respectively). Graphite furnace atomic absorption spectroscopy
measurements indicated the highest uptake within the spleen (0.8 µg Ag/g tissue weight)
and digestive gland (0.5 µg Ag/g) for AgNPs and Ag+, respectively. Raman spectroscopy
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showed that exposure to both silver species (AgNPs and Ag+) impeded the bone
development; the most drastic changes were observed in crystallinity (63.3% and 54.2%
less, respectively) and carbonate substitution (54.7 and 75.5% less), when compared to
controls.
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3.2 INTRODUCTION
With the growth of nanotechnology, the use of nanoparticles, specifically silver
nanoparticles (AgNPs), has become increasingly more widespread [1]. AgNPs have a
bactericidal effect due to their slow and stable release of silver ions (Ag+) and have been
incorporated into several products, mainly in the medical field, but also in cosmetics and
textiles. Some examples include: disinfectants, nursing bottles, bedding, shampoos, toys,
and kitchen utensils [2, 3]. In total, AgNPs are used in over 1,000 products; however, their
mammalian tissue accumulation, and toxic effects remain unclear. The adverse health
effects of exposure to AgNPs by first hand consumers and industry workers became of
growing concern to both the scientific and public communities [3]. It is known that
transition metals, such as silver, possess higher levels of toxicity at the nanoscale [4].
It has been reported that several nanoparticles generate free radicals and
consequently hold the ability to produce oxidative stress, which can increase inflammation,
cellular destruction, and genotoxicity when applied to human cells [2]. The role of the
physico-chemical properties of AgNPs (e.g., surface charge, size and concentration) and
their method of administration to the toxicity mechanism still remain under investigation
[5]. While in-vitro studies have already shown that positively charged, branched polyethyleneimine-capped AgNPs are more toxic than negatively charged, citrate-capped AgNPs at
the cellular level (bacillus bacteria); in-vivo experimental results in this regard are scarce
[6]. Furthermore, the potential release of Ag+ from positively charged AgNPs remains an
important toxicity question in mammalian organisms [6, 7].
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Previous work in this area of research primarily focuses on the role of negatively
charged AgNPs and their toxicity mechanism in-vivo. A recent study of the oral exposure
and subcutaneous injections of negatively charged, gallic acid-capped AgNPs in Wistar
rats have shown that AgNPs can enter the bloodstream and accumulate in tissues such as
the kidney, liver, spleen, brain, and lung, and thereby resulting in neuronal destruction and
death [2]. Observations have also been made that negatively charged, BioPure AgNPs
suppressed the natural killer cell in the spleen when administered at high doses to Wistar
rats; in addition, brown and black tissue discoloration of spleen, liver and lymph nodes
suggested accumulation of AgNPs [5]. Previous comparative work done on female and
male Sprague Dawley rats showed that the liver, kidney, colon and jejunum of female rats
uptook more negatively charged, citrate-capped AgNPs than those of males [8]. Additional
reports on Fisher rats of both genders conclude the target organ of AgNPs to be the liver
upon oral administration, at a dose of 125 mg kg-1 [2]. However, there are a limited number
of tests on the effects of AgNPs when inhaled. The few studies completed have shown that
inhalation of AgNPs results in pulmonary accumulation and changes in pulmonary
function, whereas inhalation of AgNPs into the lungs of rodents elevated cytokine levels
and caused a large infiltration of leukocytes [3].
Two other vital AgNP characteristics in understanding the in-vivo toxicity
mechanism are size and concentration. Seiffert et al. conducted a study regarding the
pulmonary toxicity of negatively charged, polyvinylpyrrolidone (PVP)- and citrate-capped
AgNPs of two different sizes (20 and 110 nm) at a submaximal dose (0.1 mg kg-1) on two
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different rat models (Sprague-Dawley and Brown-Norway). While pulmonary
inflammation was noticed in both rat models after 21 days of exposure, the SpragueDawley rats were found to be more resistant than the Brown-Norway rats, which are known
to develop allergic asthma. Furthermore, 20 nm AgNPs were found to dissolute more
readily in both rat models, resulting in greater toxicity (e.g. neutrophilic inflammation,
interaction with lipids, proteins, inorganics in the lung fluid, pulmonary eosinophilic and
bronchial hyperresponsiveness) [3]. Similar toxicity conclusions were drawn from a recent
publication [2], regarding the size-effectiveness of AgNPs (14 and 36 nm) on Wistar
female rats at a dose of 535 µg mL-1 for 55 days. As expected, AgNPs of 14 nm in diameter
exhibited more toxicity than its larger counterparts (e.g. abnormal oxygenation in blood
urea nitrogen values, increased red blood cell (RBC) and hemoglobin (Hb) values and
crossing of the blood-brain barrier) [2].
Due to the unique physico-chemical properties of AgNPs and their interactions with
microbial organisms, they still remain the most abundant nanoparticle used in consumer
products [9]. However, despite the extensive work done with respect to the general toxicity
of AgNPs, primarily negatively charged, several gaps of knowledge still exist amongst the
community. In this regard, there is a lack of scientific evidence concerning the toxicity of
positively charged AgNPs – mainly due to the scarcity of synthetic schemes [10] and the
inherent toxicity of positively charged capping agents [7]. To shed light on this matter, this
work focuses on the non-invasive, oral administration of positively charged cetyltrimethyl
ammonium bromide (CTAB)-capped AgNPs to female Sprague-Dawley rats for an 18 day
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period at a daily dose of 20.5 mg kg-1 of body weight. Control groups included 30 mg kg-1
of CTAB, one of the most popular AgNP capping agents of positive charge [10], 20.5 mg
kg-1 of Ag+ to account for the possible dissociation of AgNPs in the body, and tap water
vehicle. The experimental doses were derived from a corresponding study conducted with
negatively charged, citrate-capped AgNPs within the same rat model [11]. With respect to
the varying exposure groups, hematology and histopathology assays were performed to
study the extent of toxicity within the liver, spleen and bone. In correlation to the
pathological measurements, total Ag accumulation in the selected vital organs (digestive
gland, liver, spleen and brain) was quantified using graphite furnace atomic absorption
spectroscopy (GFAAS). In addition to these pathological and quantitative studies, Raman
spectroscopy was performed on the bone tissues of each exposure group to investigate
possible hindrances in bone development.
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3.3 MATERIALS AND METHODS
3.3.1 Materials
Silver nitrate (AgNO3), sodium borohydride (NaBH4), CTAB, trace metal nitric acid
(HNO3), and trace metal hydrogen peroxide (H2O2) were purchased as high-grade reagents
from Fisher Scientific and used with no further purification. The synthesis was carried out
in highly purified deionized water (>18 MW) produced by a Labconco Water Pro PS
system. Colloidal suspensions were subjected to purification via a tangential flow filtration
(TFF) system (KrosFlo Research Iii) coupled with a modified poly-ether sulfone (mPES)
hollow fiber filter module (Spectrum Inc.).
3.3.2 Synthesis of AgNPs
CTAB-capped AgNPs were synthesized at room temperature in volume batches of
~320 mL using a modified procedure described in previously published work [12]. Briefly,
a one-step reaction was completed in which a 20 mL solution of CTAB in high quality
deionized water (1 mM) was rapidly mixed with a 300 mL solution of AgNO3 (5 mM) for
a period of 10 min. Secondly, the AgNO3/CTAB solution was titrated with a freshly
prepared aqueous NaBH4 solution (1%) until a noticeable color change of yellow-green
was consistently observed.
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Figure 3.39. Synthesis scheme of CTAB-capped AgNPs.
3.3.3 AgNP Characterization
3.3.3.1 Size Selection
The stable colloid was subjected to further purification steps in order to rid the
solution of excess reagents, concentrate the solution and narrow the size distribution of
AgNPs (average diameter of »10 nm). These goals were achieved through the application
of TFF, a laminar flow filtration process, which was successfully employed for the
manipulation of multiple types of AgNPs [13-15]. A 10 kD mPES MicroKros hollow fiber
filter module was used to rid the colloidal suspension of AgNPs smaller than 5 nm by
allowing such sizes to permeate through the filter. Through this process, the final 10 kD
retentate solution was collected and utilized for experimental treatments and further
characterization. Only one step of TFF was implemented in the process of size selection
due to AgNP size formation of £ 40 nm in the original synthesis [12].
3.3.3.2 Ultraviolet Visible (UV-Vis) Absorption Spectroscopy
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The colloidal AgNPs were analyzed within a disposable cuvette (path length = 1
cm) using a Cary Bio 50 UV-Vis Spectrophotometer (Varian Inc.), at a scan rate of 1200
nm min-1.
3.3.3.3 Transmission Electron Microscopy (TEM)
Particle size characterization was conducted by drop casting AgNPs upon a carboncoated copper grid and analyzing them on a Philips EM 208S TEM equipped with a high
resolution Gatan Bioscan camera; all images were captured under a 70-kV electron beam.
Particle analysis and size distribution plots were processed through ImageJ and Origin 8
software, respectively.
3.3.3.4 Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES)
AgNP concentration was determined utilizing a Varian 710-ES ICP-OES
instrument equipped with a Varian SPS 3 autosampler. Samples were aspirated at a
peristaltic pump rate of 2 mL min-1, further nebulized and transferred to the quartz torch.
Prior to analysis, the colloid was subjected to both cold and hot acid digestions. First, 5 µL
of the resulting 10 kD retentate was dispensed into 5 mL of trace metal HNO3 within a
glass beaker and allowed to sit at room-temperature for 15 min. This step was followed by
a hot digestion where the beaker was transferred to a hot plate (»220 °C) to allow the
volume of the solution to reduce down to »200 µL. The beakers were then washed 5 times
with high quality water and transferred to 100 mL volumetric flask in a 2% HNO3 aqueous
matrix. Triplicate sample measurements were conducted at two different emission lines of
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Ag (328.068 and 338.289 nm). Working Ag+ standards (0-400 µg L-1) were prepared from
a Ag+ 1000 mg L-1 stock standard (SPEX CertiPrep) through quantitative serial dilutions
in a 2% (v/v) trace metal HNO3 matrix. The relative emission intensities of the external
calibration standards were measured with respect to Ag+ in order to construct a calibration
curve to which the colloidal sample was fitted to using a linear regression interpolation.
3.3.3.5 Zeta Potential and Dynamic Light Scattering (DLS)
A Malvern Zetasizer Nano ZS was utilized to characterize both the surface charge
and the hydrodynamic diameter of CTAB-AgNPs. Both measurements were carried out in
triplicate with a volume of 0.75 mL of CTAB-AgNPs (10X dilution), within a folded
capillary cell, at a temperature of 25 °C and a 90° scattering angle. A voltage range of -150
to +150 mV was used for the zeta potential measurements with an average spectral count
of N = 100.
3.3.3.6 Raman Spectroscopy
Surface chemistry characterization of CTAB-capped AgNPs were analyzed using
a LabRam HR-800, Horiba Jobin Yvon spectrometer. Raman spectra (100-2000 cm-1) of
AgNPs were measured in a 2 mL quartz cuvette, while the spectrum of raw CTAB powder
was collected upon a glass slide. A spectral resolution of 1 cm-1 was obtained through the
following acquisition parameters with a confocal Raman BX41 microscope 100X
objective: 3 s laser exposure (HeNe of 632.8 nm, 15 mW output), 3 cycles, a grating of 600
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grooves mm-1 and 300 µm confocal hole. All experimental spectra were collected and
processed within the LabSpec v.5 and Origin 8 software, respectively.
3.3.4 Animals and Exposure Conditions
Six-week-old female Sprague Dawley rats (N = 20, 0.150-0.200 kg weight per rat)
were purchased from Taconic Laboratories in Rensselaer, New York and acclimated for
17 days before starting experimentation. The rats were kept in plastic cages 31x26x19.5
cm3 in size for the acclimation and experimental periods in a room with controlled
temperature (approximately 21˚C), humidity (17-58%), and a 12-hr light/dark cycle. Rats
were fed with Mazuri rodent food and the cages were rotated each day to expose them to
the same level of sound and light. The rats were randomly divided into 4 groups with 5 rats
per group, and the following were administered over a period of 18 days, through daily
water intake (25 mL): AgNPs+ (40 µg mL-1), ionic silver (40 µg mL-1 of Ag+), CTAB (24
µg mL-1 corresponding to the 1 mM concentration of CTAB used during synthesis), and
tap water. The vials containing the samples and controls were each vortexed for 1 minute
before administration. After the initial 25 mL solution was consumed, each cage was given
an additional 400 mL of drinking water per day.
3.3.5 Behavioral Observations
The animal behavior, water volume and food intake was recorded daily for each
cage. Physical observations were also made regarding the appearance of the fur coat and
overall appearance of the animal’s state of health. Body weights were taken on the first
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day, eighth, and the final day of the experiment. Rats were sacrificed at the end of the
experiment by carbon dioxide overdose and the following tissues were harvested: spleen,
digestive gland (jejunum), liver, brain, and bone (tibia) tissue. Tissues were subdivided
into three sets for histological, GFAAS, and Raman spectroscopy analyses.
3.3.6 Pathological Analyses
3.3.6.1 Hematology Analysis
Blood samples were collected at the termination of the experiment. The samples
were drawn by jugular cut-down using 25G needles and transferred to potassium EDTA
Capiject Capillary Blood Collection Tubes. The slides were prepared for analysis by
applying a drop of blood to a glass microscope slide and then spread with another slide to
make a standard feathered edge. The slide was stained with standard Wright and Giemsa
Stain. Differential white blood cell count and morphological assessment was completed on
each slide by two independent research technicians using bright field microscopy with an
oil immersion objective and a 100X ocular. Each slide was analyzed for white blood cell
count (WBC), WBC differential, lymphocyte percentage (LYM%), red blood cell count
(RBC), and granulocyte percentage (GRA%). Using the peripheral smear, N = 100 cells
were manually counted.
3.3.6.2 Histology Analysis
Histological samples were preserved in Demke’s fixative (5 mL formalin, 5 mL
acetic acid, 5 mL glycerol, 24 mL ethyl alcohol (EtOH, 95%), and 46 mL distilled water).
To begin the dehydration process, the tissue samples were placed into the following
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subsequent series of EtOH dilutions in distilled water: 50% for 60 min, 70% for 60 min,
95%, 100%, and again 100% EtOH for 30 min each. The tissues were placed into Safeclear
Tissue Clearing Agent (Thermo Fisher) twice for 30 min each to conclude the dehydration
process. For paraffin infiltration, the dehydrated tissues were placed into plastic cassettes
with lids, and each was submerged into a liquid paraffin bath at 61º C for 30 min.
After paraffin infiltration, a transparent molding tray was filled with liquid paraffin,
in which the tissue samples were submerged. The paraffin molds were then cooled at room
temperature for approximately 24 hr and were then sectioned (4 µm) using an Olympus
Cut 4060 microtome. Cleaned microscope slides were covered with a thin layer of
albumenized distilled water, soaked in a 30º C water bath, and then dried at room
temperature for approximately 24 hr. Tissue staining was achieved through an alcohol
staining series and a hematoxylin-eosin (H&E) dye, and then examined for pathological
changes via light microscopy. Slides of bone cross sections were stained using the Von
Kossa staining procedure (Fisher Scientific Staining Kit).
3.3.7 Graphite Furnace Atomic Absorption Spectroscopy (GFAAS) Analysis
3.3.7.1 GFAAS Tissue Sample Preparation
Individual dry tissue weights were first collected using an analytical balance (Fisher
Scientific), and then subjected to a three-step acid digestion process. All acid digestions
were performed individually within 50 mL glass Pyrex beakers. First, 10 mL of 70% trace
metal HNO3 was dispensed to each respective beaker and allowed to sit at room
temperature for 30 min. This was followed by subjecting each sample to a hot acid
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digestion at » 200 °C to evaporate off » 5 mL of acid. Tissues were then subjected to a
bleaching procedure using 30% trace metal H2O2 (3 mL) at 80 °C, followed by further
evaporation of the matrix at 180 °C until » 200 µL of the solution remained. Each of the
beakers were then washed five times
with high quality water and diluted within 10 mL volumetric flasks within a 2% HNO3
matrix.
3.3.7.2 GFAAS Tissue Analysis
A model AA240FS coupled to a GTA 120 graphite furnace atomic absorption
spectrophotometer (Varian) was used in this study to obtain the relative Ag content within
each tissue. Drying, charring and atomization of the samples were performed in a
cylindrical graphite tube (8 mm x 28 mm). A hollow-cathode lamp for Ag was used at the
primary excitation wavelength of 328.1 nm operating at a current of 4.0 mA and a slit width
of 0.5 nm. An argon purge gas was supplied to the atomizer at a rate of 0.3 L min-1. An
instrument generated calibration curve (N = 10 standards) was created from a 10 ng mL-1
Ag stock solution in a 2% aqueous HNO3 matrix with a standard range from 0-10 ng mL1

. Tissue solutions were delivered to the graphite tube using a programmable sample

dispenser with triplicate measurements of 10 µL aliquots. Both the standards and tissue
samples were subjected to identical heating treatments within the graphite tube (Table 3.2)
and concentrations of the tissue samples (µg of Ag g-1 of dry tissue weight) were
determined upon a linear regression analysis from the experimental calibration curve.
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Table 3.2. Experimental GFAAS heating parameters.
Drying
Temperature
Time
Charring
Temperature
Time
Atomization
Temperature
Time

120 °C
10 s
400 °C
8s
2000 °C
5 s

3.3.8 Micro-Raman Spectroscopy Analysis
Raman data of bone tissue cross-sections were collected using a LabRamHR 800
spectrometer (Horiba Jobin Yvon Inc.) with a He-Ne laser (632.8 nm; 15 mW). Spectral
and spatial resolutions of 1.125 cm-1 and 1 µm x 1 µm, respectively, were selected for
analysis. Raman mapping measurements (10 µm wide rectangular sections) across each
specimen tissue were collected in the 100-2000 cm-1 fingerprint spectral region within the
LabSpec v.5 software, with a laser acquisition time of 3 s at 3 cycles. Raman data was then
further processed using Origin 8 software. Supplementary details of spectral acquisition
and data processing are provided in the supporting information.
3.3.9 Statistical Analysis
The effect of different treatments on weight and hematology was analyzed using SPSS
One Way Analysis of Variance (ANOVA) by multiple comparison test and StudentNewman Keuls (SNK) procedure at a probability of α ≤ 0.05. Total Ag content from
GFAAS, as well as Raman spectral analyses utilized a One Way ANOVA test with an α
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value of 0.05. Analyses were conducted to evaluate the statistical significant changes
regarding the accumulation of Ag in tissues of interest, as well as alterations in bone
composition between exposure groups.
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3.4 RESULTS AND DISCUSSION
3.4.1 AgNP Characterization
The UV-Vis absorption spectrum displayed a moderately narrow characteristic
localized surface plasmon resonance (LSPR) peak at 395 nm, confirming the formation of
AgNPs and suggesting relative monodispersity in diameter (Figure 3.37A). An illustrative
TEM micrograph of the filtered colloidal AgNPs is shown in Figure 3.37C together with
the respective size histogram that was constructed after analyzing N = 600 AgNPs (Figure
3.37B). The TEM micrographs confirmed the narrow size distribution of AgNPs within the
1-50 nm diameter range; the average diameter was determined to be »10 nm (Figure
3.37C). By comparison, the DLS data in Figure 3.37D displays the most abundant
hydrodynamic diameter of AgNPs in solution, with a slightly larger average (N = 3) of »15
nm. The zeta potential of AgNPs was determined to be +34.1 mV, in good agreement with
literature values (Figure 3.37E) [16]. The Raman spectral analyses of CTAB-capped
AgNPs and CTAB control showed the presence of characteristic peaks of CTAB (760,
1452, 1613, 2855, and 2929 cm-1) [17] at the positively charged nano surface, along with
the absence of further organic impurities (Figure 3.37F).
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Figure 3.40. CTAB-capped AgNP characterization panels. A) UV-Vis absorption
spectrum of 10 kD filtered colloid. B) Size percentage histogram of AgNP diameter (N =
600). C) A representative TEM micrograph of the AgNPs (scale bar = 100 nm). D) DLS
spectrum of AgNPs (average of N = 3 scans). E) Zeta potential of AgNPs (average of N =
3 scans). F) Raman spectrum of CTAB-capped AgNPs and CTAB control.
3.4.2 Behavioral Observations, Gross Observations, and Body Weights
The rats in the water control cage had the lowest averaged final weight (208±8
g/rat) amongst the four experimental groups (Figure S3.43). There were no statistically
significant differences between the weights (p ³ 0.05), however, the water control group
appeared overall healthier than the treatment rats. More specifically, rats in both AgNP and
Ag+ exposure groups were more lethargic, less aware, and less active. It was also observed
that the rats in the AgNP cage were less social throughout the experiment, and did not sniff
as much towards the end of the exposure period in comparison to the control groups,
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suggesting lessened arousal due to lethargy [18]. The amount of food and water intake did
not appear to be significantly different between treatment and control groups. In addition,
AgNP rats were not resistant to handling, which was not observed in any other exposure
group. The fur coat of the AgNP exposed rats lost its luster and was not smooth and shiny
as in the control groups. The rats appeared poorly groomed, and were also losing fur in
tufts, displaying alopecia; these are direct signs of iron deficiency, hormonal imbalances
and excessive vitamin A [19-21]. Changes in behavior such as these suggest decreased
motor function within the AgNP exposure group, potentially due to induced stress, causing
endocrine disruptors caused by AgNPs [22, 23]. Dark gray circles lining their eyes
developed and one rat in the AgNP cage exhibited a deformity in the size of one eye
approximately half way through the exposure period.
The euthanasia times for these rats were significantly lower; all died within 30 s
and one died almost instantaneously once exposed to carbon dioxide. The death times of
the rats in CTAB and Ag+ groups were around 2 and 3 min, respectively, while rats in the
water control group appeared extremely healthy and had the longest euthanasia time of 4
min. A table of approximate euthanasia times for each rat, along with behavioral
observations can be found in Table S1 within the supporting information.
The gross post-mortem gross observations also showed that rats in the AgNP group
had discoloration of the brain and liver. The bones were extremely brittle and displayed
signs of osteoporosis (i.e. breaking and cracking upon applying minimal pressure).
Hepatomegaly (enlargement of the liver) and splenomegaly (enlargement of the spleen)
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were also observed in the specimens post-mortem within AgNP, CTAB and Ag+ exposure
groups, while rats belonging to the water exposure group maintained a healthy liver size
and color (Figure S3.44). Hepatomegaly and splenomegaly are both a common
inflammatory response of the body trying to combat toxins or infection. Physical changes
in these vital filtration organs of the body suggest that all components involved in the AgNP
synthetic makeup play an active role in toxicity of Sprague-Dawley rats, even at
moderately-low doses. The toxic extent to which each of these components had on the
overall health of each rat was later validated through a combination of pathological studies
presented in this work.
3.4.3 Pathology Analyses
3.4.3.1 Histology Analysis
The histology results showed that rats in the AgNP exposure group displayed signs of
secondary carcinoma in the spleen (Figure 3.38A); this was not observed in any of the other
exposure groups. The penicillary artery showed marked changes in its wall, and the
sinusoids of the spleen were permeated by pleomorphic undifferentiated tumor cells with
basophilic hyperchromatic nuclei [24]. In addition to myelocytes and metamyleocytes,
older eospinophils were also noticed. Acute neutrophilic infiltration of the spleen was also
observed, which is an inflammatory response. Basophilic inclusion bodies were seen
indicating stress lesions, which marked the beginning of changes in interstitial spaces with
eosinophilic granules.
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Abnormal eosinophilic infiltrations of the bone marrow were observed in both the
AgNP and Ag+ experimental groups. The bone tissue of the AgNP exposed rats (Figure
3.38C) also appeared much more hollow, brittle and porous than the other bone cross
sections (Figure 3.38D), suggesting the onset of osteoporosis; previous findings attribute
these observations to endocrine disorders, marrow-related disorders and cancer [25].
Secondary carcinoma was also observed in the bone tissue for the AgNP exposed rats
(Figure 3.38E). The hemopoietic tissue was replaced by a vascular cellular connective
tissue, where multiple compact nodules of tumor cells were growing [24]. The bone
marrow from the other exposure groups did not appear to have secondary carcinoma
(Figure 3.38F).
Von Kossa staining was used to quantify mineralization in the bone tissue. Bone
tissue belonging to the water exposure group displayed normal calcium deposits (Figure
3.38H) and proved to be a positive control for the calcium-phosphate matrix in the Von
Kossa stain. By comparison, the bone tissues in the AgNP exposure group displayed
abnormal calcium buildup (Figure 3.38G); thickening along the lining was observed, which
is indicative of a calcium buildup. Upon analysis of white blood cells within the bone
tissues, lysing and vacuolization was observed. The Ag+ bone tissues displayed slight
calcium substitution in the connective tissue as well, however the calcium plaqueing was
not as extensive as in the bone tissues pertaining to the AgNP exposure group.
Vacuolization and lysis of the cells was also observed in the bone tissues of the Ag+
exposure group, but there was no white blood cell buildup.
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The packed white blood cells observed in the Von Kossa staining were a sign of
necrosis. The calcium buildup in the AgNP bone resulted in a removal of the connective
tissue in the bone as the calcium deposited in its place, which could be another cause of the
fragility and brittleness of the bone. Lysing and vacuolization observed in the cells of the
bone could be fatty material buildup but not necessarily an inflammatory response.

Figure 3.41. Representative light microscopy micrographs of A) AgNP exposure spleen;
the circled portion is indicative of secondary carcinoma; scale bar = 10 µm. B) Water
exposure spleen; scale bar = 10 µm. C) AgNP exposure bone; scale bar = 2 µm. D) Water
exposure bone; scale bar = 2 µm. E) AgNP exposure bone; scale bar = 10 µm. F) Water
exposure bone; scale bar = 10 µm. G) Von Kossa stained AgNP exposure bone; scale bar
= 10 µm. H) Von Kossa stained water exposure bone; scale bar = 10 µm.
3.4.3.2 Hematology Analysis
The hematology results showed that rats of the AgNP exposure group had the
highest number of lymphocytes, displaying lymphocytosis (Figure 3.39A). The literature
value for the normal range of rat lymphocytes is 69-86%, and the AgNP group had 95%
[26, 27]. These rats also had a significantly lower amount of neutrophils and monocytes,
showing neutropenia and monocytopenia, which can be seen in Figure 3.39B and 3.39C,
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respectively. The normal range of neutrophils and monoctyes are 14-20% and 1-6%,
respectively; the corresponding percentages in the AgNP exposure group were 3% and
0.75%, respectively [26]. The CTAB and Ag+ control groups also displayed signs of
lymphocytosis (92.3±0.9% and 90.4±0.09%, respectively) and neutropenia (5.5±0.8% and
5.6±0.7%, respectively) but to a lower degree. Rats in the AgNP exposure groups had the
lowest amount of bands and stabs (0.5±0.1%), while the water control rats possessed the
highest amount (1.0±0.2%) (Figure 3.39D). The rats belonging to the CTAB exposure
group exhibited the lowest amount of eosinophils (0.06±0.04%), followed by AgNP group
with the second lowest amount (0.5± 0.1%) (Figure 3.39E). Rats in the water control group
had the lowest amount of activated lymphocytes (Figure 3.39F), while the Ag+ group had
a hyper-segmented neutrophil (more than 5 segments to nucleus), which is a sign of
megaloblastic anemia (Figure S3.46). Enlargement of red blood cells (macrocytosis) was
also observed. The water control rats displayed no significant variations from the normal
ranges (p ³ 0.05).
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Figure 3.42. Various averaged (N = 4 fields) WBC% of A) lymphocytes, B) neutrophils,
C) monocytes D) bands/stabs E) eosinophils and D) activated lymphocytes per 100 RBCs
of each exposure group. The displayed symbols are representative of comparisons of
statistical significance; groups which possess identical symbols indicate direct statistical
significance (p £ 0.05).
Immune reactions or an inflammatory disease could cause lymphocytosis.
Overwhelming inflammation, lowered bone marrow production, and increased cell loss
due to infection could cause neutropenia. Monocytopenia could be caused by failure to
properly respond to an infection or a reduced production of monocytes, increased
destruction of monocytes or monocytes being trapped in the spleen [28].
Correlation between the observations of bone tissues during histology (i.e. secondary
carcinoma, hollowness, etc.) and relative eosinophil percentages in all exposure groups
attributes to the toxic effects of CTAB-capped AgNPs. The observed eosinophilic
infiltration of the bone marrow is an inflammatory response of the body and would account
for the reduced number of eosinophils found in the blood. The low number of eosinophils
in the blood also indicates an inflammatory response.
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3.4.4 GFAAS Tissue Analysis
GFAAS analysis yielded results of total Ag content in four tissues of interest within
the AgNP and Ag+ exposure groups (Figure 3.40): digestive gland (jejunum), liver, spleen
and brain. Results showed the spleen and digestive gland exhibited the largest
accumulation of CTAB-capped AgNPs (0.8±0.4 µg Ag/g of spleen tissue) and Ag+
(0.5±0.1 µg Ag/g of digestive gland tissue), respectively. CTAB-capped AgNPs and Ag+
were found to have similar mobility in the digestive tract; comparable accumulation values
of 0.4±0.2 and 0.5±0.1 µg Ag/g of digestive gland tissue, respectively, were detected.
Although liver is one of the primary filtration organs within the body, surprisingly low
amounts of Ag content were measured within both CTAB-capped AgNPs (0.15±0.06 µg
Ag/g of liver tissue) and Ag+ (0.06±0.03 µg Ag/g of liver tissue) exposure groups. Both
AgNP (0.24±0.07 µg Ag/g) and Ag+ (0.37±0.09 µg Ag/g) exposure groups demonstrated
the ability to permeate the blood-brain barrier, revealing moderately low accumulation
values in the brain. One-way ANOVA analyses of both exposure groups yielded notable
statistical differences (p £ 0.05) in all tissues, with the most significance shown in the liver.
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Figure 3.43. Representative histogram of averaged (N = 5 per group) total Ag
accumulation in the tissues of interest. Statistical comparisons were conducted between
AgNP and Ag+ exposure groups with respect to tissue type, as well as AgNP and Ag+
exposure with respect to individual tissue. The displayed symbols are representative of
comparisons of statistical significance; groups which possess identical symbols indicate
direct statistical significance (p £ 0.05).
The results indicate greater affinity for AgNPs within the spleen and liver; this is
in direct contrast to what was observed in the digestive gland and brain, where Ag+
exhibited higher accumulation levels (Figure 3.40). These results confirm the physical
observations of splenomegaly and hepatomegaly in the AgNP exposure group. In addition,
an overall larger amount of Ag was quantified within the AgNP exposure group (0.16
µg/rat) than for the Ag+ exposure group (0.13 µg/rat) when totaling Ag accumulation in all
four tissues of interest. These low quantitative results suggest that a larger portion of Ag
might have been processed through the specimens and eliminated through the urine, feces,
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or other tissues that were not harvested. Thus, the toxic effects of Ag observed in the
histopathology and hematology analyses can be directly correlated to these small quantities
of Ag being retained within tissues through the GFAAS results.
3.4.5 Raman Spectroscopy Analysis
Micro-Raman spectroscopy has been proven to be a useful analytical tool regarding
mineralized bone tissue and continues to be utilized in studies concerning bone
development [29-32]. Chemical fingerprinting through Raman spectroscopy has been
shown to effectively measure both organic and inorganic components of bone tissues –
providing a information regarding the carbonate content, development/aging and degree of
crystallinity within the matrix. For this reason, several representative point spectra were
harvested from the Raman maps of every sample in each exposure group to evaluate the
degree of impact CTAB-capped AgNPs had on the overall development of bone tissue.
Each Raman hyperspectral map was baseline corrected to an eighth-order polynomial fit
prior to further data manipulation within the LabSpec v.5 software. The baseline corrected
data was then imported into Origin 8, and then averaged to obtain a representative spectrum
of each exposure group (Figure 3.41). A table with the complete list of vibrational peak
assignments was provided in the supporting information (Table S3.4).
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Figure 3.44. Averaged micro-Raman spectra of bone tissue for AgNP (N = 580), CTAB
(N = 530), Ag+ (N = 517), and Water (N = 474) exposure groups subjected to an eighthorder polynomial baseline correction and a 10 point Savitzky-Golay smoothing.
To obtain both area and full width at half maximum (FWHM) for each peak of
interest, a single peak Gaussian fit was implemented to further evaluate spectral
information for each of the bone samples within the Origin 8 software. Several studies have
determined that the inorganic PO43- (961 cm-1) to the organic amide (1246 cm-1) band ratios
provide insight to the development and strength of bone tissue during mineralization [3336]. The results from this study indicate statistically significant changes (p £ 0.05) in the
mineralization of all exposure groups, with the exception of Ag+ (Figure 3.42A). An
increasing mineralization trend was observed within each exposure group, with CTAB
possessing the lowest mineral to matrix ratio (4.9±1.2), followed by AgNP (5.2±1.0), Ag+
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(6.5±0.7), and then water control group (10.2±1.2). The mineralization for the water
control group proved to be in good agreement with the literature for this particular rat
model [37].
Raman area ratios for the CO32- (1073 cm-1 ) and PO34- (961 cm-1) vibrational
modes have also been shown to provide relevant information regarding the type B
carbonate substitution in the development of bone tissue [34-37]. Comparative results in
this study (Figure 3.42B) yielded the highest carbonate substitution within the water control
exposure group (0.5±0.2), in good agreement with the literature value for this rat model
[38]. The other exposure groups revealed a drastic decrease in carbonate substitution,
demonstrating adverse effects in the development of the bone, particularly in the Ag+ group
(0.12±0.02); while the CTAB (0.21±0.07) and AgNP (0.23±0.02) exposure groups resulted
in further two-fold reductions of CO32-/PO43- area ratios in comparison to the water control
group.
In addition, Raman spectroscopy has been proven useful in evaluating the relative
degree of crystallinity in bone samples by obtaining the inverse of the FWHM of the n1
PO43- vibrational band [34]. The broadening of this phosphate peak is indicative of a lack
of purity and diminished crystallinity within the bone. For this work, the secondary n2 PO43vibrational band was assessed to determine relative crystallinity between exposure groups,
as the primary phosphate band displayed no significant alterations in varying exposures
(Figure S3.49). Experimental results (Figure 3.42C) showed the highest degree of
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crystallinity in the water exposure group (0.038±0.002), in good agreement with literature
[39]. Depleting values in all other exposure groups of CTAB (0.0185±0.0002), Ag+
(0.0172±0.0009) and AgNP (0.0140±0.002) suggest adverse effects in the maturity of bone
development within the experimental exposure groups and confirm the physical
observations of brittleness upon harvesting.
Further conclusions can be drawn from the organic matrix of the bone tissue
regarding the broadness of the amide III band (1246 cm-1) . Amide structures are heavily
observed in collagen proteins within bone tissues; Raman spectroscopy can shed light on
the development of these proteins through spectral evaluation of its corresponding peak
shape. As proteins begin to denature, they become less compact and appear less Gaussian
in spectroscopic signal [40-42]. An evaluation of the protein state was accounted for in this
study by analyzing the FWHM of the amide III band to conclude the denaturation effects
on collagen within the bone tissue of each exposure group (Figure 3.42D). The water
control group data suggests less denaturation of the organic matrix, resulting in an averaged
amide FWHM peak value of 40±2. The results of the other exposure groups exhibited
moderate protein deformation with broadening occurring within Ag+ (45±2), AgNP
(50±3), and CTAB (58±6).
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Figure 3.45. A.) Ratio comparison of the PO43- and amide I peak areas to demonstrate the
relative mineral/matrix ratios for each exposure group. B.) Ratio comparison of CO32- and
PO43- to demonstrate the relative carbonate substitution for each exposure group. C.) The
inverse FWHM of the n2 PO43- band to demonstrate the relative crystallinity of each
exposure group. D.) The FWHM of the amide III band to demonstrate the relative degree
of protein denaturation of each exposure group. The displayed symbols are representative
of comparisons of statistical significance; groups which possess identical symbols indicate
direct statistical significance, with error bars representing standard error from each
exposure group.
These results indicate that all components within CTAB-capped AgNPs have a
unique role in altering the bone matrix of Sprague-Dawley rats. While the CTAB exposure
group appeared to have the largest impact on the diminishment of mineral-to-matrix ratio,
and denaturation of amide-containing proteins, the AgNP and Ag+ exposure groups
possessed the highest efficacy in crystallinity and carbonate substitution, respectively.
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3.5 CONCLUSIONS
The results from this comprehensive study demonstrates the full-body toxicity of
positively charged CTAB-capped AgNPs observed in female Sprague-Dawley rats. Results
from this work suggests that AgNPs have significant adverse effects in the body in regard
to their full-bodied state, as well as their dissociated counterparts (i.e. Ag+ and CTAB). The
rats exposed to AgNPs displayed hepatomegaly, splenomegaly, osteoporosis, and alopecia,
as well as other histological, hematological, and behavioral variations. In addition, low
GFAAS recovery levels of silver in the body further indicates the toxic effects of these
nanomaterials, despite the suggested high levels of clearance from the body.
The overall increased toxicity of AgNPs may be due to the high reactivity of the molecules
due to their high surface area to volume ratio [4, 8]. AgNP toxicity has been linked to
increasing ratio of surface area to shape, mass, purity and associated changes with
reactivity, charge, and solubility [3]. Smaller AgNPs have been proven useful in the
biomedical field due to their ability to cross cellular membranes through modulation of
specific uptake and endocytic processes [3]. Overall, this work answers several knowledge
gaps in regard to the pathological effects of positively charged CTAB-capped AgNPs.
Utilizing the methodology presented within, further studies can be designed to answer the
full-bodied toxic effects of other common nanomaterials (i.e. Au, Cu and TiO2) in animal
systems. In addition, further information on the toxic effects of AgNPs could be elucidated
at the molecular level through the use of bioassays and in-situ cellular interaction
experimentation.
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3.7 SUPPORTING INFORMATION
3.7.1 Physical Observations
Throughout the duration of the experiment, several physical observations were
noted for the different exposure group cages. These results suggested the adverse effects
of CTAB-capped AgNPs on the social and physical health of Sprague-Dawley rats. After
euthanasia of all rats was performed, a full dissection was conducted to harvest the tissues
of interest for histology, GFAAS Raman spectroscopy analysis, as well as hematology.
Throughout the course of the dissection process, observations were made regarding the
status of fur growth patterns, tissue health and blood consistency; these observations are
shown below in Table S1.
Table S3.3. Physical observations of rat specimens along with approximate euthanasia
times after the experimental period.
Specimen
AgNP 1

Observations
•
•

AgNP 4

Discoloration of the brain
Shedding of the fur during blood collection (premortem) and during dissection (post-mortem)
• Fragile veins during blood collection, veins were
bursting when attempting blood collection pre-mortem
• Brittle bones, breaking and cracking after applying
minimal pressure
• Hepatomegaly
• Splenomegaly
• Was not resistant to handling (not seen in any other
treatment)
Discoloration of the liver

AgNP 5

•

AgNP 2

AgNP 3

Approx.
Euthanasia
Time
0.5 min
0.5 min

Nearly
instantaneous
death
0.5 min
0.5 min

Hepatomegaly
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CTAB 1
CTAB 2
CTAB 3
CTAB 4
CTAB 5
Ag+ 1
Ag+ 2
Ag+ 3
Ag+ 4
Ag+ 5
Water 1
Water 2
Water 3
Water 4
Water 5

• Splenomegaly
Hepatomegaly
Hepatomegaly
Small intestine had diminished length and appeared
unhealthy
Splenomegaly
N/A
Splenomegaly
• Splenomegaly
• Watery, thin blood
N/A
N/A
Hepatomegaly
N/A
N/A
N/A
N/A
N/A

2.0 min
2.0 min
2.0 min
2.0 min
2.0 min
3.0 min
3.0 min
3.0 min
3.0 min
3.0 min
4.0 min
4.0 min
4.0 min
4.0 min
4.0 min

In addition to the physical observations and euthanasia times that were recorded for
each specimen, the growth progress of rats was also observed throughout the course of this
work. The body weight of each rat was recorded on three separate occasions during the
experimental period – day one, eight and eighteen of the experimental period. A depiction
of these measurements are displayed below in Figure S3.43. A One-Way ANOVA analysis
was performed on the weight measurements to track any statistical significance (p£0.05)
in growth between exposure groups.
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Figure S3.46. Representative histogram of averaged weights of rats within the respective
exposure groups for each of the three experimental measurements, along with standard
error bars.
A similar growth pattern was observed in all exposure groups for this experiment, with all
rats gaining roughly the same amount of weight per measurement. No statistical
significance was noted within any exposure group in regard to weight gain.
Upon dissection, noticeable difference was observed regarding both the liver and
the spleen of the AgNP exposure group in comparison to the water control group. It is
common on pathological studies to evaluate the relative size and coloration of different
tissue types in order to make comparisons on toxic effects. Figure S3.44 demonstrates the
characteristic signs of toxicity within the body in regard to the liver. It was observed in the
AgNP exposure group (Figure S3.44A.) that the liver was enlarged (hepatomegaly) and
discolored, showing signs of toxins filtered from the body. A direct comparison was noted
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from the water control group liver (Figure S3.44B.), which displayed signs of healthy size
and color.

Figure S3.47. Representative demonstration of hepatomegaly observed in rats belonging
to the AgNP exposure group (A) in direct comparison to the liver observed in the water
exposure group (B).
3.7.2 Instrumentation Calibration
The use of two different forms of analytical spectroscopy were implemented in the
characterization of AgNPs and the quantification of silver content in the harvest tissues of
interest. In the process of determining the concentration of the TFF processed CTABcapped AgNP colloid, a 20-fold dilution was performed upon the acid digested sample (as
discussed in manuscript file). Utilizing inductively coupled plasma-optical emission
spectroscopy (ICP-OES), the colloid was analyzed at the known primary excitation
wavelength for Ag (328.068 nm). In addition to the colloid, ten external calibration
standards were analyzed for the construction of a calibration curve to perform a linear
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regression analysis (Figure S3.45A). The standard concentrations used in this analysis were
as follows: 0, 5, 10, 20, 40, 60 80, 100, 200 and 400 ng mL-1.
In similar fashion, the graphite furnace atomic absorption spectrometer (GFAAS)
was used to determine the Ag content for the harvested tissues of interest. From the
programmable sample dispenser (PSD), an instrument generated calibration curve was
constructed from an external calibration standard of 10 ng mL-1 (Figure S3.45B). The
following calibration standards were generated from the PSD in order to perform a linear
regression analysis upon the acid digested tissue samples to obtain Ag concentration from
each solution: 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 ng mL-1.

Figure S3.48. Representative ten point calibration curves created from external calibration
standards for A) the characterization of CTAB-capped AgNPs and B) determination of Ag
content for the tissues of interest using GFAAS.
3.7.3 Ag Content Evaluation
All samples were measured using GFAAS in triplicates – using the instrument
software, a percent relative standard deviation (%RSD) was calculated from each sample;
all samples maintained a %RSD below 10%. In addition to the triplicate measurements, a

198

reagent blank (2% trace metal HNO3) was prepared and analyzed between each sample in
order to evaluate instrument drift and eliminate possible carryover from sample to sample.
From the GFFAS calibration curve, each averaged sample absorbance
measurement was used to calculate concentration of the solution (ng mL-1). All results were
reported in units of µg Ag/g dry tissue weight; these values were determined through the
use of Equation 1.
µg Ag
C×V
=
×df
g dry tissue weight
W

(1)

In equation 1, C represents the extrapolated concentration determined from GFAAS (ng
mL-1), V is indicative of the sample volume (mL), while df is the dilution factor and W is
representative of the dry tissue weight (g).
3.7.4 Hematology Analysis
Upon examining blood samples from each exposure group for hematology analysis,
it was observed that the Ag+ possessed hyper-segmented neutrophils (Figure S3.46A) in
comparison to that of the water control group (Figure S3.46B). The observations of hypersegmentation of the neutrophils is indicative of the true toxic effects that Ag+ has on
Sprague-Dawley rats, as it is a common sign of megablastic anemia and vitamin B12
deficiencies. Toxic effects to this extent can lead to DNA synthase inhibition during red
blood cell production, thus inhibiting the cell growth cycle.
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Figure S3.49. Representative light microscopy micrograph of A) hyper-segmented
neutrophil in blood sample of Ag+ exposure group; B) a regular segmented neutrophil
observed in the water exposure group. Scale bar = 10 µm.
3.7.5 Raman Spectral Evaluation
3.7.5.1 Data Reduction and Manipulation
Raman spectral data was collected using a Horiba Jobin Yvon Inc. LabRamHR 800
system. A He-Ne laser was implemented at the excitation line of 632.8 nm output, with a
laser power of 15 mW and an approximate diameter of 1 µm at the sample surface. All
spectral data was collected with a high resolution confocal Raman microscope at a 100X
Olympus objective working distance. A 10 µm rectangular section was selected from
Raman mapping with a spectral and spatial resolution of 1.125 cm-1 and 1 µm x 1 µm,
respectively. An average of 3 cycles was obtained for each Raman spectral point of the
mapping process, with a laser exposure time of 3 seconds. The Raman fingerprint spectral
region collected for each bone tissue sample was 100-2000 cm-1, with an autofocus feature
enabled prior to each collection point of the mapping to account for height profile
differences observed in the cross-sections. The raw averaged spectral profiles of each
exposure group are displayed in Figure S3.48. Upon completion of each spectral map, all
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data was baseline corrected to an eighth-order polynomial fit. All spectral data was
collected using the LabSpec v.5 software and processed using Origin 8.
For further data manipulation, all spectral maps were imported into the Origin 8
software. To assist in data reduction, each spectrum was evaluated for the presence of stray
photon emission peaks and eliminated as necessary to ensure the validity of the true
spectral profile of the bone tissue. From the baseline corrected Raman mapping data, an
averaged spectrum was generated for each individual bone specimen. Each of the averaged
spectrum was subjected to further manipulation by applying a 10 point Sovitzky-Golay
function. Following the smoothing of each averaged spectrum, a normalization to the
primary PO43- Raman band (961 cm-1) was performed. The normalized spectra were then
subjected to a baseline corrected peak area integration using the Origin 8 software, where
the total area and full width at half maximum (FWHM) was obtained for several different
Raman modes of interest (as mentioned in manuscript). The tentative Raman mode
assignments for obtained from this work can be found in Table S2.
Table S3.4. Tentative assignments of the Raman vibrational bands observed for bone tissue
samples and CTAB-capped AgNP characterization.
Experimental
Raman modes (cm-1)
270
342
404
479
429
479
570
590

Literature
Raman Shift (cm-1)

430[1-3]
590[1-3]
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Tentative assignment
Paraffin
Paraffin
Paraffin
Paraffin
n2(PO43-)
Paraffin
Paraffin
n4(PO43-)

651
732
760
818
855
898
961
1005
1009
1069
1073
1140
1178
1208
1246
1273
1303
1313
1346
1381
1428
1449
1451
1468
1453, 1612
1620
1665
2851, 2929
3261, 3400

760[4]
853[1, 3, 5]
960 – 965[1, 6-9]
1003[7, 10]
1070[7], 1071[8, 9]
1208[1]
1242[5, 11], 1245[3]
1272[1]
1296[12]
1309[1]
1340[1]
1375[12]
1418[12]
1441
1451[13]
1463[12]
1000-1600[4]
1660[1, 14], 1665[13],
1667[3]
2800-3000[4]
3240-3420[15-17]

Paraffin
Paraffin
n(CN+)
Paraffin
Collagen proline n(C-C)
Paraffin
n1(PO43-)
Phenylalanine n(C-C)
Paraffin
Paraffin
n(CO32-)
Paraffin
Paraffin
Amide III (Tyr)
Amide III (b coil)
Collagen d(=CH) phospholipids
Paraffin CH2 deformation
Amide III (a fibrous)
Amide III (a helix)
Paraffin, d(CH2)
Paraffin, CH3 deformation
Paraffin, d(CH2)
CH2 wag
Paraffin, d(CH2)
n(C-C) n(CH2) skeletal chain
Paraffin
Amide I (b sheet)
nCHx
H2O bend/stretch

3.7.5.2 Paraffin Removal
In the preparation process of harvesting the bone tissue, cross-sections of rat tibia
were taken from each specimen and subjected to a paraffin waxing process (as described
in manuscript). In the preliminary Raman evaluation of bone tissue, it was evident that the
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paraffin embedding agent was inhibiting the spectral signal of the tissue itself (Figure
S3.47), completely dwarfing the commonly observed PO43- vibrational band. To address
this concern, a dewaxing process was completed on each individual tissue slide.
To a PTFE solution reservoir, 5 mL of xylene (Fisher Scientific) was added and
tissue slides were individually submerged for 10 min. The slides were then individually
transferred to a separate reservoir containing 5 mL of absolute ethanol (Fisher Scientific)
and subsequently submerged for 10 min. Following reagent submersion, the slides were
then rinsed with deionized water to rid the slides of degraded paraffin wax and excess
removal agents. This process was repeated in triplicates to ensure the proper removal of
the paraffin wax – following the completion of each replicate treatment, the solution
reservoirs were replenished with fresh reagents.

Figure S3.50. Raman spectral scan of bone tissue prior to paraffin removal.

203

Figure S3.51. Raw averaged Raman spectra of all exposure groups prior to baseline
correction or further data manipulation.
3.7.5.3 Evaluation of Bone Tissue Crystallinity
Previous work has concluded that the evaluation of the primary PO43- Raman
spectral mode (961 cm-1) has been proven useful in the determining the relative crystallinity
of bone tissues. Due to the processing of the Raman spectral data in this work, very little
differences were observed in the n1 PO43- area or FWHM. This is believed to be caused
due to the fact that all Raman spectra were normalized to 961 cm-1 prior to the
determination of peak areas and FWHM values.
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Figure S3.52. Averaged degree of crystallinity within the respective exposure groups with
the n1 PO43- vibrational band at 691 cm-1.
3.7.5.4 Deconvolution Analysis of Collagen Proteins
One of the major components of bone tissue analysis is the evaluation of the
structural components of the organic matrix, particularly the collagen. Collagen formation
within the bone matrix is heavily dependent on protein formation; one of the primary
functional groups observed in these structural proteins is the amide group, which has
several different vibrational modes which can be observed using Raman spectroscopy.
Due to the structural nature of proteins, several different confirmations can be
observed – this application was directly targeted within this study to further evaluation the
denaturation of proteins within the collagen matrix of each exposure group. Discussed in
the manuscript is an evaluation of the broadening of the primary amide III band b coil at
1246 cm-1. Herein, a further analysis was conducted regarding the status of this structural
protein and its broadening effects observed with respect to each exposure group. To further
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elucidate upon this concept, a deconvolution analysis was conducted using Origin 8
software. Each averaged exposure group spectra were first plotted within the fingerprint
region of 1200-1360 cm-1 and a Gaussian peak fit was performed with respect to the wellknown amide containing protein conformations vibration modes of 1208, 1246, 1273, 1313
and 1346 cm-1, with a y-offset of 0.

Figure S3.53. Deconvolution analysis of the amide III band for A) AgNP, B) CTAB, C)
Ag+ and D) water exposure groups.
Initially, it was observed that AgNP, CTAB and Ag+ exposure groups possessed two
shoulder peaks off of the amide III b coil at 1208 and 1273 cm-1 – known to belong to
tyrosine and =CH phospholipids, respectively. The lack of the 1273 cm-1 shoulder peak
within the water exposure group suggests the deterioration of amide-containing proteins
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within the collagen matrix. Provided in Table S3 is a compilation of both area and the
FWHM of each peak obtained from the deconvolution analysis.
Table S3.5. Numerical values collected from amide III band deconvolution analysis with
respect to different exposure groups and protein confirmation.

AgNP
CTAB
Ag+
Water

Area
FWHM
Area
FWHM
Area
FWHM
Area
FWHM

Tyr
1.67
13.07
0.79
9.84
1.56
12.60
1.03
10.79

b coil
40.42
38.04
22.70
25.20
34.20
32.24
44.44
41.91

=CH
phospholipid
6.50
21.20
21.07
32.61
8.89
21.46
-

a fibrous
4.09
19.33
2.89
18.20
5.39
21.33
9.12
18.72

a helix
4.13
17.78
6.24
19.31
2.98
15.55
2.48
14.70

Spectral information regarding the deconvolution analysis of the collagen matrix
revealed that the water exposure group maintained the largest peak area for the amide III
b coil, suggesting the largest abundance of this confirmation of all exposure groups. Results
from the CTAB exposure group indicate a diminished peak area of the b coil and a much
larger peak area for the =CH phospholipid band. This suggests that CTAB plays a role in
the degradation of amide containing proteins within the collagen matrix of bone tissue.
Further evidence suggests this argument in regard to the a fibrous and a helix bands; the
water exposure group possesses very strong peak separation between these two common
protein confirmations, whereas the CTAB exposure group spectral profile appears to
display the a fibrous band as a shoulder peak to its helix counterpart. Furthermore, all
exposure groups display deviation from the water control group spectral profile.
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